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DEDICATION 


To  those  scientists  ivho  have  in  their  publications  on  enzyme  inhibitors 
written  of  their  results  clearly,  who  have  provided  the  reader  with  all  the  pertinent 
conditions  under  which  the  work  was  done,  who  have  taken  the  trouble  to  express 
their  data  in  meaningful  ivays,  and  who  have  stimulated  others  to  more  quan- 
titative and  penetrating  modes  of  thought. 


FOREWORD 


The  past  fifty  years  have  seen  an  astounding  increase  in  our  understanding 
of  the  nature  of  the  physical  world.  Only  fifty  years  ago  was  it  discovered 
that  an  atom  consists  of  a  small  heavy  nucleus  and  some  electrons  surround- 
ing the  nucleus.  A  tremendous  amount  of  knowledge  has  been  gathered  dur- 
ing this  period  of  fifty  years  about  the  structure  of  atoms  and  of  simple 
molecules. 

It  is  now  becoming  possible  to  extend  the  experimental  techniques  that 
have  been  applied  to  simple  molecules  to  the  more  complicated  molecules 
that  are  found  in  living  organisms.  Some  information  has  already  been  gath- 
ered about  the  structure  of  the  simplest  proteins,  but  the  job  of  making 
a  complete  three-dimensional  structure  determination  for  a  protein  molecule 
has  not  yet  been  carried  through  to  completion.  Nevertheless,  it  is  evident 
that  this  job  will  soon  be  done.  During  the  past  year  great  progress  has  been 
made  by  John  Kendrew  of  Cambridge  University  in  the  determination  of 
the  positions  of  the  atoms  in  the  molecule  of  myoglobin,  and  the  techniques 
of  X-ray  diffraction  that  he  and  other  investigators  in  the  field  of  protein 
structure  are  now  applying  can  be  expected  to  lead  in  another  decade  or 
two  to  the  complete  determination  of  the  structure  of  many  globular 
proteins. 

The  enzymes  constitute  a  class  of  protein  molecules  of  extraordinary 
significance.  Just  as  deoxyribonucleic  acid  may  be  said  to  be  the  substance 
that  we  need  to  understand  if  we  are  to  know  in  its  atomic  detail  the  mech- 
anism by  means  of  which  organisms  reproduce  themselves,  so  are  the 
enzymes  the  molecules  that  we  must  understand  to  know  how  organisms 
carry  on  their  metabolic  activities. 

No  one  knows  the  precise  molecular  structure  of  any  enzyme  and  the 
exact  way  in  which  the  enzyme  carries  on  its  characteristic  function  of 
catalyzing  chemical  reactions.  During  the  next  fifty  years  we  can  be  assured 
that  this  knowledge  will  be  gained,  in  large  part  probably  through  structure 
determinations  made  by  the  X-ray  diffraction  technique.  Nevertheless,  even 
though  detailed  structural  information  is  still  lacking,  a  very  great  deal  has 
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been  discovered  about  enzymes,  about  the  reactions  that  they  catalyze, 
and  about  their  interactions  with  inhibitors. 

In  this  book,  of  which  I  have  the  honor  to  write  the  Foreword,  John  Webb 
has  summarized  our  existing  knowledge  about  enzymes  and  has  contributed 
further  to  it  by  new  methods  of  analysis.  There  are  few  men  in  the  world 
who  could  have  done  this  difficult  job  in  such  an  effective  way  —  few  men 
with  the  background  of  knowledge  and  experience  in  the  fields  of  mathe- 
matics, physics,  and  physical  chemistry  as  well  as  biochemistry  and  biology 
sufficient  to  permit  them  to  comprehend  the  great  field  of  enzyme  inhibition 
and  to  analyze  it  and  discuss  it  in  such  a  valuable  way.  In  particular,  the 
through  discussion  of  intermolecular  forces  may  be  expected  to  be  the  basis 
for  future  discussion  of  enzyme  inhibition  for  many  3'ears.  I  am  confident 
that  every  scientist  whose  work  brings  him  into  contact  with  enzymes 
will  find  this  book  of  value. 

Linus  Pauling 


PREFACE 


Enzyme  inhibitors  have  become  valuable  tools  in  many  of  the  biological 
sciences  and  are  used  widely  to  study  isolated  enzymes  and  the  various 
aspects  of  cellular  metabolism,  growth,  and  function  in  organisms  ranging 
from  protozoa  to  mammals  and  from  bacteria  to  the  higher  plants,  as  the 
voluminous  and  disseminated  modern  literature  shows.  However,  inhibitors 
can  be  more  than  tools.  The  study  of  the  manifold  actions  of  all  substances 
that  significantly  distort  cellular  metabolism  is  one  of  the  major  provinces 
of  molecular  biology  and  its  ramifications  extend  throughout  all  levels  of 
biological  investigation.  My  simple  aims  in  writing  these  volumes  are  to 
present  concisely  the  basic  principles  of  inhibition,  to  describe  the  actions 
and  mechanisms  of  the  most  important  and  interesting  inhibitors,  to  cor- 
relate the  actions  at  the  enzyme  level  with  the  changes  observed  in  cellular 
function,  and  to  provide  practical  information  on  the  uses  of  these  inhibitors. 
It  is  hoped  that  these  books  will  aid  investigators  in  the  various  disciplines 
in  discovering  the  fundamental  relationships  that  occur  ubiquitously  in 
living  matter  and  thus  will  advance  in  a  small  way  the  search  for  the  elusive 
laws  of  cellular  organization  involved  in  the  flow  of  energy  that  characterizes 
vital  processes.  There  is  another  aim  which  is  in  one  sense  more  personal. 
I  believe  that  the  subject  of  enzyme  inhibition  is  fascinating  in  itself  and 
I  would  like  to  think  that  my  presentation  here  will  inspire  interest  in  others 
so  that  they  will  come  to  share  my  enthusiasm. 

Every  attempt  has  been  made  to  place  inhibition  on  a  quantitative  basis, 
inasmuch  as  I  am  convinced  that  only  in  this  way  can  work  with  inhibitors 
develop  significantly.  Indeed,  some  of  the  theoretical  and  quantitative 
aspects  have  been  developed  here  beyond  our  present  experimental  knowl- 
edge in  the  hope  that  this  will  stimulate  both  accurate  experiments  and 
better  theoxies.  I  have  not  restricted  the  treatment  to  the  enzyme  and 
cellular  metabolic  levels  but  wherever  possible  have  considered  the  actions 
of  inhibitors  on  functioning  organs  and  whole  animals.  Attention  has  not 
been  primarily  focused  on  any  form  of  life  —  microorganisms,  plants,  or 
animals  —  but  instead  the  attempt  has  been  made  to  treat  all  equally  on  the 
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principle  that  the  fundamental  mechanisms  and  problems  are  the  same  and 
that  workers  in  one  field  can  learn  a  great  deal  from  results  obtained  in 
other  fields. 

The  writing  of  the  first  volume  and  the  preparation  for  the  succeeding 
volumes  have  involved  the  accumulation  of  approximately  16.000  references, 
and  several  thousand  more  will  be  added  before  the  work  is  completed.  A 
rigorous  selection  of  the  material  and  the  examples  to  be  presented  is  thus 
necessary.  At  the  present  time  over  1,400  publications  on  enzyme  and  meta- 
bolic inhibition  appear  each  year,  and  this  figure  must  be  increased  if  one 
includes  the  work  on  drugs  and  chemotherapeutic  agents  that  act  in  some 
manner  by  altering  metabolism.  The  use  of  inhibitors  has  increased  markedly 
since  1950.  Not  only  are  the  older  inhibitors  applied  more  widely  and  in- 
tensively, but  each  year  one  sees  with  interest  the  development  of  new  inhi- 
bitors. It  is  interesting  to  survey  by  decades  the  number  of  publications 
on  the  two  common  inhibitors,  malonate  and  iodoacetate.  The  accompanying 


Number  of  publications 


Decade 


Malonate 

Iodoacetate 

1 

0 

1 

0 

1 

0 

3 

0 

9 

4 

47 

227 

87 

145 

485 

764 

1880-1890 
1890-1900 
1900-1910 
1910-1920 
1920-1930 
1930-1940 
1940-1950 
1950-1960 


table  shows  these  figures  taking  into  account  only  biologically  oriented 
work.  The  large  number  of  papers  on  iodoacetate  between  1930  and  1940 
was  due  to  the  demonstration  of  its  interesting  effects  on  nniscle  and  yeast, 
and  subsequently  on  the  glycolytic  pathway.  Most  enzyme  inhibitors  would 
provide  similar  histories.  The  marked  upsurge  in  reports  since  150  is  evident 
and  it  is  also  clear  that  this  acceleration  has  by  no  means  ceased.  Considering 
the  tremendous  amount  of  work  that  has  been  done  with  inhibitors  and  their 
importance  in  many  fields,  it  is  quite  remarkable  that  no  book  on  them  has 
yet  appeared;  indeed,  it  is  uncommon  to  find  reviews  or  monographs  on  the 
individual  inhibitors. 
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This  first  volume  will  l)e  concerned  with  the  general  principles  of  enzyme 
inhibition  and  specific  inhibitors  will  be  mentioned  only  for  illustration  of 
these  principles.  The  second  and  third  volumes  will  deal  with  the  individual 
inhibitors  and  inhibitor  groups,  and  there  much  that  is  discussed  in  the 
present  volume  will  be  applied. 

Inasmuch  as  the  Preface  is  the  only  place  in  a  book  where  one  can  attend 
to  personal  questions,  one  may  perhaps  be  anticipated.  Some  may  justifiably 
question  my  qualifications  for  writing  on  such  a  subject  and  for  so  often 
suggesting  the  ways  in  which  inhibition  studies  be  done.  I  can  only  answer 
this  by  saying  that  I  believe  I  realize  my  inadequacies  more  keenly  than  the 
reader  does,  having  lived  with  them  daily,  but  desire  to  contribute  a  little 
to  the  formulation  of  this  field  of  inhibition,  and  perhaps  stimulate  others 
to  more  penetrating  analyses  and  to  better  presentations  in  the  future. 

I  would  here  like  to  express  my  gratitude  to  Professor  Linus  Pauling 
for  perusing  the  manuscript  and  writing  the  Foreword,  and  also  for  what 
he  has  contributed  to  my  imderstanding  in  the  past. 

J.  Leyden  AVebb 

Department  of  Pharmacology 

School  of  Medicine 

University  of  Southern  California 

January,  1963 


CONVENTIONS 


The  effects  of  inhibitors  on  enzyme  activity,  metabolism,  or  tissue  function  are 
expressed  as  fractional  inhibitions,  designated  by  the  symbol  i.  This  is  the  fraction  of 
the  total  control  activity  that  is  inhibited  under  the  conditions  specified  and  thus  may 
vary  from  zero  to  unity.  The  various  ways  in  the  literature  of  expressing  inhibition 
have  all  been  reduced  to  this  convention  and  liberty  has  frequently  been  taken  to  cal- 
culate fractional  inhibitions  from  untreated  data.  It  is  hoped  that  such  a  standard 
system  will  allow  comparisons  to  be  made  readily.  The  kinetic  equations  are  also  ex- 
pressed in  terms  of  the  fractional  inhibition. 

Rate  constants  are  always  expressed  by  the  lower  case  k  and  equilibrium  constants 
by  the  upper  case  K.  The  subscripts  for  the  rate  constants  are  positive  or  negative 
depending  on  the  direction  of  the  reaction;  thus,  for  the  reaction  A  ^.B,  k^  is  the  rate 
constant  for  the  reaction  of  A  to  B  and  i'.i  is  the  rate  constant  for  the  reverse  reaction. 
The  subscript  number  indicates  the  step  in  a  sequence  of  reactions.  A'  always  refers 
to  a  dissociation  constant  and  thus  is  the  inverse  of  the  corresponding  association 
constant;  for  example,  for  the  reaction  A  +  B  ;:±  AB,  the  value  of  K  is  given  by 
(A)  (B)/(AB). 

Concentrations  of  substrates  and  inhibitors  are  generally  given  as  millimolar  {n\M), 
as  are  the  dissociation  constants,  for  the  purpose  of  establishing  a  uniform  system. 

The  enzyme  nomenclature  attempts  to  follow  Table  V.  1  of  Dixon  and  Webb  ("  En- 
zymes," 1958)  wherever  possible. 


SYMBOLS 


The  most  commonly  used  symbols  are  defined  in  the  following  list.  Other  symbols 
of  more  restricted  use  are  described  in  the  text  where  they  occur.  Where  the  same 
symbol  is  applied  to  two  or  more  different  functions,  there  should  be  no  confusion 
in  the  contexts  in  which  the  symbols  appear. 

a  fractional  activity  (enzymic)  A  constant  for  attraction  energy 

a  activity   (thermodynamic)  AR  agonist-receptor   complex 

A  activator  B  constant  for  repulsion  energy 

A  agonist  d  distance    between    interacting 

A  antibody  particles 
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SYMBOLS 


dg  equilibrium    distance    between 

interacting  particles 
do  thermal    equilibrium    distance 

between  interacting  particles 
D  dielectric  constant 

e  electronic  charge  (4.802  x  10^'° 

esu) 
E  enzyme  (often  apoenzyme) 

Eq  catalytically  active  enzyme 

Fact        Arrhenius  activation  energy 
Erf  catalytically   inactive    enzyme 

(denatured) 
E(  total  enzyme 

EA  enzyme-activator  complex 

EH         protonated  enzyme  (active  site ) 
EI  enzyme-inhibitor   complex 

EP  enzyme-product    complex 

ES  enzyme-substrate  complex 

EX*       activated  complex  of  enzyme 

with  substance  X 
/  force  exerted  on  charged  par- 

ticle in  electric  field 


h 

pH  function  for  base 

fhb 

pH  function  for  acid 

fh^h 

pH  function  for  dibasic  acid 

fr 

resistant  fraction  of  rate 

fs 

sensitive  fraction  of  rate 

F 

electrical  field  strength 

AF 

change  in  free  energy 

AF* 

activation   free   energy 

^F,, 

change     in     electrostatic     free 

energy 

^\Fnes 

change  in  nonelectrostatic  free 

energy 

Q 

factor  by  which  rate  of  branch- 

ed reaction  is  changed 

h 

Planck's     constant     (6.624  X 

10-27    erg-sec) 

H 

hapten 

AH 

change    in    heat    content    (en- 

thalpy) 

AH* 

activation  enthalpy 

i 

fractional  inhibition 

mean  fractional  inhibition 

inhibition   required   for   lethal 

action 

inhibitor 

inhibitor  inside  a  compartment 


I„  inhibitor    outside    a    compart- 

ment 

/j,   [2     ionization  potentials 

(I )  i        lethal  concentration 

(I),„  minimal  inhibitor  concentra- 
tion to  produce  effect 

(1)50  concentration  for  50%  inhibi- 
tion 

k  rate  or  permeability  constant 

k  Boltzmann  constant  (1.380  X 

l(j-i6  erg/deg-molecule) 

k„,  salting  coefficient 

A'„  rate  constant  for  a  particular 

step  n 

k-_„  rate  constant  for  reverse  reac- 

tion of  step  n 

K  equilibrium  (dissociation)  con- 

stant   [=  (A)(B)/(AB)] 

K„  activator  constant 

K„  ionization   constant 

/v„3  dissociation  constant  for  sub- 
strate-activator complex 

A'j  inhibitor  constant 

K/  experimental   or   apparent   in- 

hibitor  constant 

A','^  inhibitor  constant  for  isoelec- 
tric enzyme 

K„^  Michaelis  constant 

Kg  equilibrium   constant   between 

S  and  P 

Kj,  Michaelis  constant  for  reverse 

reaction  (product  reaction) 

A'r  dissociation    constant    for    in- 

hibitor-reversor  complex 

A,  dissociation    constant    for    en- 

zyme-substrate complex  (sub- 
strate constant) 

K/  experimental  or  apparent  sub- 
strate constant 

Asi  dissociation  constant  for  sub- 

strate-inhibitor complex 

Asp  equilibrium  constant  between 
ES  and  EP 

I  length  of  dipole 

L  limiting  rate  coefficient 

M  number   of  molecules    of  sub- 

strate or  inhibitor  binding  to 
an  active  site 
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n 

number  of  doses  of  an  inhibitor 

TN 

N 

Avogadro's   number    (6.024  X 

V 

10^3  molecules /mole) 

^1 

pH, 

pH  inside  a  compartment 

vi 

pH„ 

pH  outside  a  compartment 

^'t 

pHopi 

optimal  pH  for  enzyme  reaction 

Vi 

pl 

-log  (I) 

Vn 

pA', 

-  log  Ki 

pS 

-log  (S) 

Vr 

P 

product 

Vr 

P 

phosphate  group 

Vs 

P> 

inorganic  orthophosphate 

Vst 

P 

pressure 

Vt 

P 

total   polarization 

w,  W 

Pa 

atomic   polarization 

M- 

Pe 

electronic    polarization 

X 

Pi 

induced  polarization 

(X') 

Pm 

orientation    polarization 

z 

Q. 

magnitude   of  charge 

z 

Id 

charge  on  a  dipole 

r 

ratios  in  general  (e.  g.,  of  rates 
in     branches     of     convergent 
chain) 

a,[i. 

Tg 

distance  of  closest  approach  of 

ionic  atmosphere 

"o 

R 

receptor 

/3 

R 

reversor 

R 

gas  constant  (8.31   X  10'  ergs/ 

deg-mole  =  1.99  cal/deg-mole) 

8 

Po 

molar  refraction 

AR„ 

refraction  exaltation 

c 

s 

slope  of  an  inhibition  plot 

s 

ionic  strength 

^ 

S 

substrate 

X 

Se 

endogenous   substrate 

/< 

S, 

substrate    inside    a    compart- 

/' 

ment 

/* 

So 

substrate  outside   a    compart- 

ment 

V 

s. 

total  substrate 

o 

AS 

change  in  entropy 

a 

AS* 
t 

activation  entropy 
time 

(^max 

t,n 

minimal  time  in  which  effect 
is  produced 

<P 

At 

transition  time  between  steady 

V 

states 

<Pe 

T 

absolute  temperature 

turnover  number 
rate  of  reaction 
rate  of  forward  reaction 
final  rate  of  reaction 
rate  of  inhibited  reaction 
initial  rate  of  reaction 
rate  of  the  n^"^  step  in  multi- 
enzyme  system 
rate  of  reverse  reaction 
rate  of  resistant  reaction 
rate  of  sensitive  reaction 
steady-state  rate  of  reaction 
total  rate  of  reaction 
water 

electrostatic  factor 
transferred  group 
specific  concentration  of  X 
valence  of  ion 

number  of  electrons   in   outer 
shell 

...  interaction  constants  giving 
the  effects  of  the  binding  of 
one  substance  on  the  binding 
of  another  to  the  active  site 
molecular  polarizability 
constant  characterizing  the 
change  in  the  rate  of  break- 
down of  the  ES  complex 
molar  depression  of  the  dielec- 
tric constant 

electrical  potential  between  a 
particle  and  the  medium 
angle   between  dipoles 
Debye-Hiickel  constant 
temperature  characteristic 
dipole   moment 

mean    (statistical)   dipole   mo- 
ment 

frequency  of  electrical  oscillator 
heterogeneity  index 
specificity  of  inhibition 
maximal    specificity    of    inhi- 
bition 

inhibition    index     (of    Kistia- 
kowsky  and  Shaw) 
potential  energy 
equilibrium  potential  energy  of 
interacting  particles 
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CHAPTER  1 

PERSPECTIVES  OF  METABOLIC 
INHIBITION 


Living  cells  are  characterized  by  a  complex  and  beautifully  organized 
pattern  of  chemical  reactions  mediated  and  directed  by  enzyme  systems. 
These  reactions  provide  the  energy  necessary  for  the  various  functions  of 
the  cell  and  support  the  synthesis  of  material  upon  which  the  cell  depends 
for  maintenance,  growth,  and  multiplication.  One  basic  way  of  expressing 
this  pattern  is  to  consider  the  flow  of  energy  through  the  cell:  the  intake  of 
the  potential  energy  resident  in  prospective  substrates,  regulated  by  mem- 
brane permeability  and  occasionally  by  active  processes;  the  release  of  this 
energy  into  utilizable  forms  during  the  oxidative  degradation  of  these  sub- 
stances, wherein  the  energy  is  fractionated  and  distributed  in  smaller  units; 
the  transfer  of  this  energy,  perhaps  through  several  steps,  until  it  is  mani- 
fested in  terms  of  some  evident  cellular  activity,  such  as  secretion,  active 
transport,  impulse  conduction,  movement  or  emission  of  radiation;  the 
partial  flow  of  the  energy  into  the  complex  compounds  synthesized  either 
for  primarily  structural  purposes  or  for  the  metabolic  and  functional  sys- 
tems of  the  cell,  for  even  the  enzymes  themselves  must  be  assembled  using 
the  energy  derived  from  their  catalyzed  reactions;  and,  finally,  the  inevi- 
table release  of  a  certain  fraction  of  the  energy  as  heat,  since  energy  transfer 
and  utilization  cannot  be  completely  efficient.  If  one  were  acquainted  with 
the  full  pattern  of  this  energy  flow  and  the  means  by  which  it  is  organized, 
one  could  be  said  to  understand  the  nature  of  life. 

The  application  of  enzyme  inhibitors  to  cells  or  their  aggregates  is  one  of 
the  ways  in  which  the  scientist  attempts  to  penetrate  into  the  nature  of 
living  material  and  its  transformations.  This  approach  pertains  to  that  class 
of  investigations  in  which  a  perturbation  is  induced  in  a  complex  system  for 
the  purpose  of  understanding  better  the  initial  normal  state.  Such  a  proce- 
dure must  be  quantitative  to  be  fully  effective.  Also  the  primary  pertur- 
bation produced  should  be  as  small  as  possible,  consistent  with  the  sensi- 
tivity of  the  methods  of  measurement,  in  order  to  reduce  secondary  phe- 
nomena to  a  minimum.  The  normal  state  of  a  biological  system  should  not 
be  conceived  as  a  vague  ensemble  of  simultaneous  processes,  but  as  a  per- 
fect balance  of  complex  chemical  and  functional  activities  superimposed 
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on  an  intricate  structure,  the  possibility  of  life  depending  upon  a  proper  and 
accurate  coordination  of  the  rates  of  these  various  processes.  The  intro- 
duction of  an  inhibitor  into  the  system  leads  to  an  alteration  of  certain 
rates  and  a  disturbance  of  this  balance.  The  extent  to  which  the  imbalance 
will  affect  the  total  system  will  depend  upon  many  factors.  One  can  usually 
measure  only  the  results  of  the  imbalance  and,  hence,  must  always  be  aware 
of  the  factors  that  stand  between  the  metabolic  dislocation  and  what  is 
measured.  If  the  inhibitor  shifts  the  balance  to  the  detriment  of  the  organ- 
ism, it  is  generally  classed  as  a  poison;  when  the  balance  is  shifted  in  favor 
of  the  survival  of  the  total  system,  the  inhibitor  may  be  considered  as  a 
drug. 

The  actions  of  inhibitors  upon  living  systems  can  often  be  most  profitably 
visualized  by  interpreting  the  results  in  terms  of  a  modification  of  the  energy 
flow  (Fig.  1-1).  There  are  many  ways  of  deviating  the  course  of  the  flow 


SUBSTRATES 


EAT 


PRODUCTS 


Fig.  1-1.   Scheme  of  the  basic  energy 
flow  through  a  celL 


of  energy  through  cells  and,  therefore,  in  some  manner  altering  the  bio- 
chemical morphology  and  the  functional  phenomena  necessary  for  the  life 
of  the  cell  and  for  the  cell's  role  in  the  life  of  the  total  organism.  The  prin- 
cipal pathways  of  energy  flow  are  indicated  in  the  diagram  and  it  is  possible 
in  this  scheme  to  designate  some  of  the  general  loci  at  which  inhibitors  may 
act.  An  inhibitor  may  interfere  with  the  entrance  of  the  substrates  into  the 
cell  (1)  by  altering  permeability  or  depressing  transport  mechanisms;  in 
this  way  the  inhibitor  can  reduce  the  total  potential  energy  available  to 
the  cell.  The  action  may  also  be  exerted  on  any  of  the  metabolic  pathways 
whereby  energy  and  matter  are  distributed,  especially  on  the  degradative 
reactions  in  which  the  substrates  are  broken  down  oxidatively  to  products 
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(2),  the  formation  of  high-energy  phosphate  (3),  the  syntlietic  reactions 
for  the  formation  of  the  protoplasmic  components  (4),  or  the  utilization  of 
the  high-energy  substances  by  these  synthetic  processes  (5).  With  respect 
to  the  functional  activity  of  the  cell,  the  inhibitor  may  act  either  on  the 
reactions  involved  in  the  utilization  of  energy  (6)  or  directly  on  the  function- 
al systems  themselves  (7).  It  is  necessary  to  realize  that  these  intracellular 
processes  are  closely  related  so  that,  for  example,  a  primary  inhibition  on 
the  oxidation  of  substrate  will  depress  to  varying  degrees  the  formation  of 
high-energy  substances,  synthesis,  function,  and  the  appearance  of  prod- 
ucts. Also  it  must  always  be  borne  in  mind  that  the  actions  of  many  in- 
hibitors are  not  localized  to  a  single  pathway  inasmuch  as  inhibitors  are 
seldom  completely  specific. 

Directly  distorting  the  pathways  of  enzymically  directed  reactions  by 
the  introduction  of  a  chemical  substance  —  blocking  a  jiathway  or  diverting 
a  sequence  into  a  new  channel,  interfering  with  coupled  processes  or  hinder- 
ing the  accumulation  of  energy  —  is  one  approach  amongst  others.  It  is 
an  interesting  and  a  useful  way  because  it  often  provides  a  rather  specific 
attack  upon  some  particular  reaction  or  phase  of  metabolism,  and  often 
one  is  able  to  relate  certain  aspects  of  cellular  activity  to  this  susceptible 
region  in  the  metabolic  network.  In  fact,  it  is  often  possible  to  isolate  from 
the  cell  the  special  enzyme  or  enzyme  system  acted  upon  and  to  study  the 
detailed  mechanism  of  the  interference,  so  that  it  becomes  possible  to 
postulate  more  accurately  what  occurs  within  the  cell  when  the  inhibitor 
exerts  its  effects.  Many  other  ways  of  altering  metabolic  activity  —  for 
example,  by  changing  the  temperature  or  the  pH,  by  irradiation  or  high 
pressure  —  are  nonspecific  and  seldom  does  one  have  any  ideas  as  to  exactly 
what  is  occurring  in  the  complex  protoplasmic  matrix.  If  one  had  to  cho  ose 
the  most  interesting  and  important  characteristic  of  enzyme  inhibitors, 
what  it  is  that  makes  them  one  of  the  most  powerful  tools  in  so  many  fields 
of  biological  investigation,  it  would  be  their  relative  specificity,  or  at  least 
the  possibility  of  attaining  greater  and  greater  specificity  as  new  inhibitors 
are  discovered  for  attack  upon  reactions  of  interest.  The  question  of  spec  i- 
ficity  cannot  be  overemphasized.  The  more  we  know  about  the  exact  nature 
of  the  perturbation  produced  and  the  more  selective  this  action  can  be  made, 
the  more  likely  it  is  that  clear  interrelationships  will  emerge  and  the  goal 
of  understanding  the  energetics  of  the  cell  be  achieved. 

Sometimes  in  using  inhibitors  one  does  not  begin  initially  with  a  normal 
cellular  system,  but  one  in  which  something  has  gone  astray  in  the  complex 
pattern,  in  other  words  a  group  of  pathological  cells.  If  this  aberration 
is  basically  metabolic,  there  is  the  possibility  of  restoring  the  cells  towards 
the  normal  pattern  by  the  use  of  substances  effective  in  specifically  altering 
appropriate  reactions.  It  is  probable  that  many  of  the  most  useful  drugs 
act  exactly  in  this  manner.  On  the  other  hand,  if  the  cells  have  become 
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SO  abnormal  as  to  resist  our  efforts  at  correction,  we  may  desire  to  kill 
them  in  order  that  they  will  not  disturb  the  normal  cells  and  cause  eventual 
dissolution  of  the  organism,  and  again  one  looks  towards  a  specific  attack 
on  those  fundamental  differences  that  distinguish  pathological  cells  from 
normal  ones.  Recent  work  along  these  lines  in  carcinostasis  would  seem  to 
justify  this  approach.  Furthermore,  foreign  cells  may  enter  the  organism 
and  endanger  its  survival,  and  here  too  one  must  examine  the  differences 
between  these  invading  cells  and  the  tissue  cells,  the  different  flows  of 
energy,  to  progress  intelligently  in  the  development  and  use  of  agents  de- 
signed to  block  the  vulnerable  processes  in  the  intruders.  Much  of  modern 
therapy  depends  upon  such  specific  inhibition  and  almost  every  inhibitor 
group  to  be  discussed  has  been  used  in  some  way  in  diseased  states. 

It  may  be  worthwhile  to  outline  briefly  the  importance  of  enzyme  inhi- 
bitors in  certain  fields  of  investigation.  The  enzymologist  attempts  to  un- 
derstand in  ever  greater  detail  the  intimate  mechanisms  of  enzyme  action 
so  that  he  will  have  deeper  insight  into  the  energetic  basis  of  living  processes. 
Inhibitors  have  played  a  major  role  in  the  mapping  of  enzyme  reactions  in 
both  time  and  space.  Organic  chemists  use  group-specific  reagents  to  iden- 
tify the  groups  in  unknown  compounds.  Likewise,  the  use  of  substances 
reacting  specifically  with  protein  groups  provides  a  means  of  characterizing 
the  chemical  pattern  of  the  enzyme  surface  and,  particularly  if  these  sub- 
stances interfere  markedly  with  the  catalyzed  reactions,  evidence  is  obtained 
that  the  reacted  groups  are  part  of  the  active  center,  that  region  of  the 
enzyme  primarily  responsible  for  the  activation  of  the  substrate.  We  shall 
have  ample  opportunity  to  see  how  successful  such  procedures  have  been 
in  elucidating  the  topography  of  these  regions  and  hence  in  aiding  our  un- 
derstanding of  the  kinetic  mechanisms  by  which  biologically  important 
compounds  are  transformed.  The  biochemist  thus  frequently  applies  inhi- 
bitors to  the  study  of  isolated  and  purified  enzymes  as  part  of  the  program 
of  characterization,  and  certainly  this  is  one  of  the  most  fascinating  aspects 
of  biology  on  the  molecular  level. 

The  study  of  molecular  interactions  in  biological  systems  has  been  re- 
tarded by  the  deficiency  of  accurate  data  and  by  the  inherent  complexities 
of  the  forces  that  are  involved,  but  the  importance  of  this  subject  will 
certainly  necessitate  an  increasingly  vigorous  combined  attack  on  these 
problems  by  physicists,  chemists,  and  biologists.  The  most  significant  inter- 
actions are  between  proteins  and  various  substances  —  inorganic  ions,  hor- 
mones, lipids,  drugs,  nucleotides  and  nucleic  acids,  and  dyes  —  or  between 
different  proteins.  Almost  all  of  cellular  activity  involves  such  interactions. 
There  is  much  need  for  more  work  on  the  quantitative  aspects  of  these 
interactions  and  for  accurate  studies  of  purified  systems.  The  interactions 
of  inhibitors  with  enzymes  present  one  excellent  system  for  such  study 
and  the  results  of  inhibition  often  allow  the  over-all  energies  of  the  interac- 
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tions  to  be  calculated  readily.  Furthermore,  these  interactions  are  usually 
with  specific  regions  of  the  protein  and  are  not  general  adsorption  phe- 
nomena. Comparison  of  structurally  related  inhibitors  enables  one  to  assign 
specific  energy  terms  to  certains  groups.  Not  only  are  more  accurate  data 
needed  but  also  more  penetrating  theoretical  studies  of  the  balance  of 
forces  between  such  interacting  molecules,  the  roles  of  water  and  ions  and 
the  dielectric  constant,  the  mapping  of  energy  contours,  and  the  config- 
urations assumed  by  the  interacting  molecules.  One  can  confidently  look 
forward  to  the  time  when  enough  will  be  known  about  the  patterns  of  en- 
zyme active  centers  and  the  forces  involved  in  complex  formation  to  predict 
what  types  of  substances  will  inhibit,  just  as  drugs  are  now  designed  for 
special  purposes  on  the  basis  of  what  is  known  of  cellular  function  at  a  dif- 
ferent level. 

The  biochemist  also  makes  use  of  inhibitors  in  the  investigation  of  the 
multiple  enzyme  systems  in  linear  or  cyclic  metabolic  sequences.  It  is 
often  possible  by  using  the  proper  inhibitors  to  determine  the  sequence  in 
which  the  components  of  a  catenary  chain  react.  There  are  several  classical 
examples  of  such  analysis:  the  original  assignment  of  the  positions  of  the 
enzymes  in  the  oxidative  pathway  by  Keilin,  the  discovery  of  unknown  com- 
ponents in  specific  loci  in  the  electron-transport  chain  by  Slater  and  Potter, 
the  elucidation  of  the  glycolytic  pathway  by  Lohmann,  Embden,  and  Meyer- 
hof,  and  the  more  recent  mapping  of  the  sites  of  oxidative  phosphorylation 
by  Chance.  In  addition,  the  biochemist  is  occasionally  able  to  isolate  with 
an  appropriate  inhibitor  certain  metabolic  reactions  that  are  to  be  studied; 
relatively  simple  examples  would  be  the  use  of  malonate  to  block  succin- 
oxidase  in  studying  the  oxidation  of  «-ketoglutarate  in  mitochondria,  and 
the  blocking  of  pyruvate  entry  into  the  tricarboxylic  acid  cycle  by  arsenicals 
in  order  to  investigate  the  transformations  of  glycogen  or  glucose  into  py- 
ruvate. Such  techniciues  have  been  relatively  little  developed  but  hold 
much  promise  for  the  future  study  of  metabolic  pathways  in  tissues  or  whole 
organisms. 

It  may  be  noted  incidentally  that  no  manner  of  investigation  so  well 
demonstrates  the  inherent  differences  in  the  metabolism  of  various  tissues 
or  organisms  as  does  that  of  enzyme  inhibition.  It  is  to  be  deduced  from 
the  markedly  variable  responses  of  cells  or  tissues  to  inhibitors  that  respi- 
ration and  glycolysis,  for  example,  are  not  the  simple  ubiquitously  uniform 
processes  usually  presented  in  textbooks,  but  that  each  type  of  cell  has 
its  particular  metabolic  organization,  that  the  enzymes  catalyzing  the  same 
reaction  in  different  cells  are  kinetically  different,  and  that  there  are  va- 
riations in  the  controlling  factors  governing  the  metabolic  balance  in  va- 
rious cells.  This  is  not  to  detract  from  the  concept  of  the  obvious  and  fun- 
damental uniformity  of  enzyme  types  and  general  metabolic  systems 
throughout  living  material,  but  it  serves  to  emphasize  that  these  units  of 
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activity  can  be  arranged  and  controlled  in  a  multiplicity  of  ways.  Indeed, 
the  specificity  of  the  effects  observed  on  certain  tissues  when  the  inhibitors 
are  administered  to  whole  animals  is  presumptive  evidence  for  the  meta- 
bolic differentiation  of  tissues. 

The  physiologist,  whether  interested  in  plants  or  animals,  turns  to  en- 
zyme inhibitors  to  establish  relationships  between  the  functional  aspects 
of  cellular  activity  and  the  metabolic  systems  supplying  the  energy  and  the 
materials  necessary  for  these  functions.  Perhaps  the  most  commonly  used 
substances  have  been  the  uncouplers  of  oxidative  phosphorylation  in  order 
to  demonstrate  the  role  of  high-energy  phosphate  compounds  in  cellular 
processes.  There  are  many  other  well-known  studies  in  which  inhibitors 
have  aided  our  understanding  of  the  metabolic  basis  of  function:  the  in- 
vestigations of  nerve  and  muscle  membrane  potentials  by  Hodgkin,  Shanes, 
and  Gerard;  the  elucidation  of  various  active  transport  or  secretory  mech- 
anisms, in  the  kidney  by  Taggart  and  Mudge,  in  the  gastric  mucosa  by 
Davenport,  in  the  intestine  by  Visscher  and  Quastel,  in  the  erythrocytes 
by  Parpart,  LeFevre,  and  Wilbrandt,  and  in  plants  by  Lundegardh;  the 
investigation  of  muscle  contraction  by  Lundsgaard;  the  studies  of  cell  di- 
vision by  Runnstrom,  Clowes,  and  Krahl;  and  the  determination  of  the  role 
of  acetylcholine  in  many  tissues  by  Loewi  and  others.  Despite  the  large 
amount  of  work  done,  only  a  modest  degree  of  success  has  been  achieved 
in  accurately  relating  function  to  metabolism,  due  mainly  to  the  complexity 
of  the  situation,  but  it  is  likely  that  this  use  of  inhibitors  will  become  in- 
creasingly important  as  the  blocking  can  be  made  more  selective. 

The  relationship  between  enzyme  inhibition  and  pharmacology  is  so  close 
that  it  would  be  very  difficult  (and  useless)  to  draw  a  line  between  them. 
Some  would  prefer  a  broad  definition  wherein  all  substances  acting  on  living 
matter  are  called  drugs,  so  that  inhibitors  would  then  be  considered  as 
drugs  and  come  under  the  field  of  pharmacology.  Systems  of  classification 
here  are  not  very  important  and  we  shall  generally  restrict  the  use  of  the 
term  drug  to  substances  currently  useful  in  medicine.  Substances  such  as 
carbon  monoxide,  which  are  important  toxicologically  and  are  discussed 
in  the  standard  pharmacology  texts,  and  yet  are  also  classic  enzyme  inhi- 
bitors, will  be  considered  for  practical  purposes  as  inhibitors.  In  some  cases 
the  decision  must  be  arbitrary.  Some  organic  mercurials  are  widely  used 
as  diuretics  in  edematous  states  and  their  actions  are  probably  attributable 
to  an  interference  with  renal  metabolism  in  a  manner  similar  to  the  actions 
of  those  mercurials,  such  as  p-chloromercuribenzoate,  used  by  biochemists 
to  detect  sulfhydryl  groups  on  enzymes.  Inhibitors  of  carbonic  anhydrase 
(acetazoleamide,  chlorothiazide,  and  the  recent  derivatives),  cholinesterase 
(physostigmine,  neostigmine,  and  the  organophosphorus  compounds),  and 
monoamine  oxidase  (iproniazid  and  derivatives)  are  very  commonly  used 
in  medicine,  and  it  is  likely  that  other  enzyme  inhibitor  groups  will  be  cli- 
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nically  applied  in  the  future.  It  is  indeed  possible  that  many  of  the  drugs 
whose  actions  are  at  present  unknown  are  inhibitors  of  enzymes  or  in  other 
ways  disrupt  metabolism.  The  recent  classification  and  mathematical  ex- 
position of  drug  antagonisms  and  synergisms  by  Ariens  and  his  co-workers 
are  simply  enzyme  inhibition  kinetics  applied  to  drug  actions  and  his  equa- 
tions have  their  counterparts  in  the  classical  inhibition  formulations.  En- 
zyme inhibitors  can,  of  course,  be  useful  to  the  pharmacologist  in  the  ana- 
lysis of  the  site  and  manner  of  action  of  drugs,  particularly  when  the  drugs 
affect  directly  or  indirectly  some  metabolic  processes. 

One  of  the  most  interesting  facets  of  enzyme  inhibition  is  the  production 
in  animals  of  metabolic  blockades  which  become  manifest  as  syndromes 
resembling  certain  diseased  states.  The  pathologist  is  occasionally  able 
to  learn  something  about  disease  processes  from  the  study  of  such  artificially 
induced  biochemical  lesions  resulting  from  the  controlled  use  of  enzyme 
inhibitors.  There  are  numerous  examples:  the  inflammation,  vesication,  and 
neuritis  produced  by  the  arsenicals,  the  induction  of  pseudocoeliac  disease 
in  rats  with  iodoacetate,  the  diabetic  state  from  alloxan,  the  occurrence  of 
obesity  after  the  administration  of  the  dithiocarbamates,  the  carcino- 
genicity of  many  inhibitors,  the  deficiency  states  brought  about  by  analogs 
of  essential  coenzymes  and  by  substances  inactivating  these  coenzymes,  and 
the  abnormal  mental  states  sometimes  following  the  monoamine  oxidase 
inhibitors.  There  is  a  wide  field  to  be  explored  in  the  tracing  of  the  progres- 
sive pathological  changes  occurring  during  chronic  administration  of  sub- 
stances disturbing  metabolism  in  various  ways.  This  would  be  the  study 
of  the  sequence  of  cellular  changes  initiated  by  selective  metabolic  alteration 
in  contrast  to  the  observation  of  the  immediate  effects.  There  is  also  the 
possibility  that  naturally  occurring  inhibitors  may  be  responsible  for  some 
diseases  and  many  of  such  inhibitors  are  now  known. 

These  relationships  of  enzyme  inhibition  to  other  disciplines  point  to 
the  fact  that  the  study  of  inhibition  is  one  of  the  common  meeting  grounds 
of  many  diverse  fields.  This  is  also  shown  by  the  appearance  of  publications 
on  inhibitors  in  journals  of  every  type  —  chemical,  biological,  medical,  and 
industrial.  There  is  perhaps  some  need  in  in'esent-day  science  to  establish 
fields  that  cut  across  many  others  in  order  to  combat  the  excessive  compart- 
mentalization  that  has  inevitably  developed.  In  the  study  of  enzyme  and 
metabolic  inhibition  one  soon  loses  any  conception  of  the  artificial  bound- 
aries of  these  many  fields  and  comes  to  look  upon  the  study  of  living  matter 
as  the  only  subject  to  be  pursued. 

Inasmuch  as  there  is  no  general  account  of  the  history  of  the  use  of  in- 
hibitors, it  may  not  be  out  of  place  here  to  present  a  short  summary  of 
this  development  against  the  background  of  enzymological  and  biochemical 
history.  The  first  recognition  of  an  enzyme  was  by  Payen  and  Persoz  in  1830 
when  they  observed  the  splitting  of  starch  by  a  substance  they  called  dias- 
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tase,  and  this  was  soon  followed  by  the  enunciation  of  the  principle  of 
catalysis  by  Berzelius  in  1835,  who  included  diastase  as  a  catalytic  agent. 
The  name  "  diastase  "  came  to  be  used  for  all  enzymes  and  the  term  "  fer- 
ment "  was  also  soon  applied  because  of  the  relationship  of  enzyme  action 
to  fermentations.  The  name  "  enzyme  "  was  introduced  by  Kiihne  in  1878 
and  simply  means  "  in  yeast  "  inasmuch  as  yeast  was  at  that  time  the 
source  of  most  of  the  known  enzymes.  A  great  advance  was  made  by  Emil 
Fischer  in  1894  in  the  recognition  of  the  specificity  of  enzymes,  and  the 
lock-and-key  theory  of  the  steric  relationship  between  enzyme  and  sub- 
strate may  be  attributed  to  him.  Serious  attempts  to  isolate  and  purify 
enzymes  did  not  begin  until  after  1920,  most  of  the  early  work  being  done 
by  Willstatter  and  his  colleagues  between  1922  and  1928.  Urease  was  ob- 
tained in  impure  crystalline  form  by  Sumner  in  1926  and  this  was  followed 
by  the  crystallization  of  certain  proteolytic  enzymes  by  Northrop  and  his 
students.  The  purification  of  intracellular  enzymes  did  not  begin  until  1937. 
These  landmarks  in  enzymology  are  mentioned  because  the  entire  develop- 
ment of  the  study  of  inhibitors  is  intimately  related  to  the  progress  in  the 
knowledge  of  enzymes  and  metabolism.  In  one  sense  it  is  a  tribute  to  the 
early  workers  to  have  advanced  so  far  in  the  understanding  of  enzyme 
mechanisms  and  kinetics  long  before  enzymes  had  been  isolated  or  purified. 
For  example,  the  important  concept  of  a  complex  between  the  enzyme 
and  the  substrate  was  put  forward  by  A.  Brown  in  1902  and  by  1904  Arm- 
strong was  able  to  represent  this  complex  in  quite  modern  terms.  This 
picture  of  enzyme  action  enabled  the  correct  kinetic  expressions  to  be  for- 
mulated, first  by  Henri  in  1903  and  in  more  detail  by  Michaelis  and  Menten 
in  1913.  Inhil)ition  mechanisms  and  kinetics  have  necessarily  developed 
hand  in  hand  with  such  concepts. 

The  early  history  of  enzyme  inhibition  is  amorphous.  Some  inhibitors 
have  been  known  for  hundreds  of  years  as  poisons.  It  might  be  said  that 
classic  toxicology  led  to  the  first  studies  of  what  are  now  known  as  enzyme 
inhibitors  —  cyanide,  arsenic,  hydrazine,  mercury,  and  certain  other  heavy 
metals.  Sporadic  work  on  the  effects  of  such  substances  on  a  variety  of 
plants,  small  animals,  and  microorganisms  was  reported  from  1850  to 
around  1890,  and  during  the  period  from  1870  to  1900  there  was  increasing 
attention  given  to  inhibitions  of  general  metabolic  processes,  such  as  fer- 
mentation, glycolysis,  and  respiration,  as  well  as  to  the  actions  of  inhibitors 
on  whole  animal  metabolism.  It  is  actually  very  difficult  to  determine  in 
this  progressive  development  where  the  true  study  of  inhibitors  as  inhibi- 
tors began.  Certainly  before  1910  these  substances  were  not  considered  as 
primarily  enzyme  or  metabolic  inhibitors.  Perhaps  the  modern  study  of 
enzyme  inhibition  may  be  said  to  have  been  initiated  by  the  demonstrations 
of  the  depression  of  sea  urchin  egg  respiration  with  cyanide  by  Warburg  in 
1910  and  the  inhibition  of  goose  erythrocyte  respiration  with  arsenite  by 
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Onaka  in  1911.  Although  other  inhibitions  had  been  observed  earlier,  these 
respiratory  inhibitions  stimulated  much  further  work  on  the  mechanisms 
by  which  these  substances  acted.  At  this  time  the  enzymes  upon  which  such 
compounds  acted  were  unknown  and  the  components  of  the  respiratory 
system  were  formulated  only  in  very  vague  terms. 

The  kinetics  of  inhibition  produced  by  a  substance  binding  reversibly 
with  the  enzyme  were  developed  in  the  original  publication  of  Michaelis 
and  Menten  in  1913  but  it  required  many  years  before  this  type  of  inhibi- 
tion was  characterized.  Quastel  and  his  co-workers  in  their  studies  of  the 
inhibition  of  bacterial  dehydrogenases  by  malonate  between  1925  and  1928 
were  able  to  show  that  the  inhibition  was  rather  specific  for  succinate  oxi- 
dation. The  idea  that  there  was  a  reversible  competition  between  succinate 
and  malonate  for  the  enzyme  site  was  mentioned  but  it  was  not  until  1930 
that  Cook  stated  definitely  that  a  competitive  mechanism  had  been  es- 
tablished. Michaelis  with  Rona  and  Pechstein  in  1914  while  studying  maltase 
and  invertase  had  recognized  a  second  type  of  inhibition  which  they  re- 
ferred to  as  "  inhibition  without  affinity,"  the  inhibitor  being  said  to  de- 
crease the  rate  of  breakdown!  of  the  enzyme-substrate  complex,  but  they 
did  not  develop  a  mathematical  expression  for  this.  Haldane  in  1930  was 
the  first  to  derive  an  equation  for  this  type  of  inhibition  and  he  gave  it  the 
name  of  "noncompetitive  inhibition."  Thus  the  formulation  and  experi- 
mental establishment  of  competitive  and  non-competitive  inhibitions  really 
must  be  dated  as  recently  as  1930. 

The  early  theory  of  Warburg  that  certain  inhibitors,  such  as  cyanide, 
combined  with  iron,  or  other  metals  involved  in  metabolism,  was  not  es- 
tablished until  around  1927  when  the  complexes  of  cyanide  and  carbon 
monoxide  with  the  "  Atmungsferment  "  (cytochrome  oxidase)  were  demon- 
strated. The  mechanism  by  which  the  arsenicals  act  was  suggested  by  Voegt- 
lin  and  his  group  in  1923  from  their  discovery  that  the  inhibitions  were 
combatted  by  sulfhydryl  compounds.  This,  coupled  with  the  contemporary 
interest  in  sulfhydryl  substances  (such  as  glutathione),  stimulated  by  the 
work  of  Hopkins,  led  to  the  postulate  that  arsenicals  inactivated  necessary 
sulfhydryl  compounds  in  the  cell,  but  it  was  over  10  years  later  that  enzyme 
inhibition  on  the  basis  of  reaction  with  protein  sulfhydryl  groups  was  re- 
cognized by  Hellerman  through  his  study  of  heavy  metals.  It  is  interesting 
to  note  that  in  the  "  Allgemeine  Chemie  der  Enzyme  "  of  Haldane  and  Stern, 
published  in  1932,  sections  are  devoted  to  the  following  enzyme  inhibitors: 
heavy  metals,  oxidants  (hydrogen  peroxide,  iodine,  and  permanganate), 
amino  group  reagents,  carbonyl  reagents  (phenylhydrazine),  cyanide,  sul- 
fide, pyrophosphate,  metal  chelators,  surfactants,  fluoride,  arsenicals,  and 
antienzymes.  Thus  by  this  time  the  study  of  inhibitors  had  been  recognized 
as  a  part  of  enzymology. 

The  decade  of  1925-1935  might  be  appropriately  termed  the  classic  pe- 
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riod  in  the  history  of  enzyme  inhibition,  inasmuch  as  it  was  during  this 
interval  that  the  actions  of  many  of  the  most  important  inhibitors  were 
studied.  It  was  also  the  period  when  inhibitors  began  to  be  used  as  tools 
to  elucidate  metabolic  pathways  and  to  probe  the  dependence  of  cell  func- 
tions on  metabolism.  Before  1925  no  exact  sites  and  mechanisms  of  inhi- 
bition were  known  and,  indeed,  the  concepts  of  metabolic  blockade  were 
vague.  A  cursory  reading  of  the  publications  on  enzymology  and  metabolism 
before  1925  clearly  shows  that  this  branch  of  enzymology  was  relatively 
undeveloped,  despite  the  many  reports  of  the  actions  of  inhibiting  sub- 
stances on  various  systems.  Actually,  it  required  the  isolation  of  enzymes 
and  the  mapping  of  metabolic  pathways  before  inhibitors  could  be  rationally 
studied.  It  is  a  well-known  fact  that  the  characterization  of  the  compo- 
nents of  several  metabolic  pathways  was  aided  by  the  use  of  inhibitors 
whose  sites  of  action  were  simultaneously  established.  Although  there  were 
hundreds  of  publications  before  1925  on  the  miscellaneous  effects  of  what  we 
now  recognize  as  enzyme  inhibitors,  the  fundamental  idea  of  a  substance 
producing  a  relatively  specific  block  in  metabolism  was  not  conceived  as 
yet.  Also  the  concept  that  inhibitors  might  be  used  to  investigate  the  na- 
ture of  enzymes  was  in  its  infancy. 

Let  us  conclude  this  historical  summary  by  outlining  some  of  the  major 
contributions  made  during  this  decade.  The  establishment  of  competitive 
inhibition,  the  importance  of  sulfhydryl  groups,  and  the  complexing  of 
cyanide  with  iron  have  already  been  mentioned.  The  localization  of  the 
action  of  carbon  monoxide  to  cytochrome  oxidase  and  the  demonstration 
of  the  light  sensitivity  of  the  complex  by  Warburg  and  Negelein  in  1928 
led  to  a  more  accurate  characterization  of  this  enzyme  whose  existence 
was  known  only  from  indirect  evidence.  Schwartz  and  Oschmann  in  1925 
reported  that  bromoacetate  prevented  the  formation  of  lactate  in  muscle 
and  this  was  followed  in  1930  by  the  work  of  Lundsgaard  with  iodoacetate. 
These  observations  stimulated  the  subsequent  work  on  glycolysis.  Between 
1931  and  1935  the  glycolytic  pathway  was  mapped  and  the  sites  of  action 
of  iodoacetate,  fluoride,  and  arsenate  were  determined  through  the  work 
of  Dickens,  Lipmann,  Lohmann,  Braunstein,  Harden,  and  Meyerhof.  The 
mechanism  by  which  phlorizin  induces  a  "  diabetic  "  state  of  glucosuria 
was  worked  out  in  1933  by  Lundsgaard,  who  found  that  this  inhibitor  in- 
terfered with  phosphorylations  in  the  renal  tubular  cells.  During  1934  and 
1935  the  action  of  dinitrophenol  in  stimulating  respiration  while  simulta- 
neously depressing  function  was  noted  and  the  study  of  the  mechanisms 
involved  was  initiated.  The  localization  of  the  site  of  arsenical  action  was 
carried  a  step  forward  by  Lipmann  in  1933  when  he  showed  that  a  block 
was  produced  in  the  oxidation  of  the  keto  acids.  The  determination  of  in- 
hibitor sites  in  the  oxidative  sequence  by  Quastel,  using  spectroscopic  tech- 
niques, and  Keilin's  work  on  the  actions  of  cyanide  and  azide  on  the  cyto- 
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chrome  system  during  this  period  were  the  first  investigations  to  utilize  in- 
hibitors to  establish  the  order  of  activity  in  a  metabolic  sequence.  This 
incomplete  survey  shows  what  sudden  strides  were  made  in  this  field  during 
these  years.  More  detailed  accounts  of  this  period  and  of  the  earlier  devel- 
opments will  be  given  in  the  later  volumes  under  the  individual  inhibitors. 
Despite  the  importance  of  enzyme  inhibitors  as  tools  used  by  investiga- 
tors in  the  various  fields  and  the  progressively  greater  application  of  inhi- 
bitors in  industry  and  medicine,  these  inhibitors  have  an  interest  and  fas- 
cination to  some  of  us  beyond  their  practical  applications.  The  study 
of  a  new  inhibitor,  its  intricacies  of  mechanism,  and  its  manifold  effects 
upon  different  types  of  cells,  or  the  investigation  of  well-known  inhibitors 
on  new  systems,  is  an  exciting  exploration  involving  concepts  on  all  levels 
of  biological  organization  and  gives  rewards  of  scientific  experience  over 
and  above  the  satisfaction  of  having  derived  information  that  may  be  uti- 
lized in  a  more  thorough  understanding  of  the  cell  or  of  contributing  to  the 
alleviation  of  disease. 


CHAPTER  2 

THE  KINETICS   OF  ENZYME  REACTIONS 


An  enzyme  reaction  occurs  on  the  surface  of  a  protein  molecule,  at  a  re- 
gion where  the  arrangement  of  the  polypeptide  chains  has  placed  particular 
groups  in  such  a  pattern  that  the  substrate  molecule  is  not  only  bound  but 
altered  in  a  manner  conducive  to  reaction.  This  reaction  may  be  intramole- 
cular or,  more  commonly,  with  another  molecule  also  bound  to  the  enzyme, 
to  form  a  new  substance  or  substances.  Groups  other  than  of  polypeptide 
origin  and  bound  to  the  protein  may,  of  course,  participate  in  the  catalysis 
in  certain  instances.  The  fundamental  process  is  the  formation  of  temporary 
complexes  of  the  reacting  molecules  with  the  protein  or  its  accessory  groups 
at  a  special  region  or  active  center.  One  is  interested  in  these  complexes  and 
the  nature  of  the  active  center  in  inhibition  studies  because  most  enzyme 
inhibitors  interfere  with  the  formation  or  breakdown  of  such  complexes  by 
combining  either  with  the  active  center  directly  or  with  adjacent  regions 
of  the  enzyme.  The  over-all  reaction  catalyzed  by  a  simple  enzyme  is  made 
up  of  at  least  three  phases:  (a)  the  formation  of  the  appropriate  complex 
or  complexes  of  enzyme  and  reactants,  (b)  the  intermolecular  rearrangements 
to  form  complexes  of  the  enzyme  and  the  products,  and  (c)  the  dissociation 
of  these  complexes  to  form  the  free  enzyme  and  the  products  of  the  reaction. 
The  rate  at  which  the  products  are  formed  thus  might  depend  on  the  rate  of 
any  one  of  these  phases,  if  it  is  much  slower  than  the  others,  or  on  any 
combination  of  the  rates  if  they  are  of  comparable  magnitude;  it  may  also 
depend  on  the  rate  at  which  the  enzyme-substrate  complex  dissociates  to 
form  the  original  substrate  and  the  free  enzyme.  The  presence  of  an  inhibitor 
modifies  these  rates  so  that  a  reduction  in  the  formation  of  products  results. 
A  study  of  inhibition  ideally  involves  a  quantitative  formulation  of  the 
rate  changes  so  that  some  insight  may  be  obtained  into  the  mechanism. 
These  quantitative  aspects  of  inhibition  are  extensions  of  the  general  enzyme 
kinetics  and  thus  it  is  necessary  in  this  chapter  to  consider  the  basic  con- 
cepts and  formulations  of  enzyme  catalysis.  It  will  be  particularly  impor- 
tant to  examine  critically  the  interpretation  of  the  mathematical  expres- 
sions with  regard  to  the  actual  molecular  events  occurring,  inasmuch  as  true 
understanding  implies  at  least  a  partial  visual  interpretation  of  the  pro- 
cess. The  excellent  books  of  Dixon  and  Webb  (1958)  and  Laidler  (1958) 
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are  recommended  for  a  more  detailed  exposition  of  fundamental  enzyme 
kinetics.  The  mathematical  approach  to  this  subject  is  well  presented  by 
Reiner   (1959). 


THE  DEPENDENCE  OF  ENZYME  RATE  ON  THE  SUBSTRATE 

CONCENTRATION 

The  rate  of  an  enzyme-catalyzed  reaction  does  not  increase  linearly  with 
increase  in  substrate  concentration,  as  would  occur  if  the  reaction  were 
nonenzymic,  but  increases  progressively  more  slowly  in  a  hyperbolic  man- 
ner to  reach  a  level  of  maximal  activity  beyond  which  the  rate  is  dependent 
only  on  the  enzyme  concentration  (Fig.  2-1).  This  deviation  from  nonenzy- 
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Fig.   2-1.    Dependence  of  the  rates  of  nonenzyme  and 
enzyme  reactions  on  the  concentrations  of  the  reactants. 


mic  kinetics  in  the  case  of  the  hydrolysis  of  sucrose  by  /?-fructofuranosidase 
led  Michaelis  and  Menten  (1913)  to  assume  that  a  complex  was  formed  be- 
tween the  enzyme  and  the  substrate,  preliminary  to  the  hydrolysis,  and  that 
the  over-all  rate  of  the  reaction  was  dependent  on  the  rate  of  breakdown 
of  this  complex  into  the  products  of  the  reaction,  in  this  case  glucose  and 
fructose.  The  formation  of  this  complex  was  assumed  to  be  essentially  in- 
stantaneous so  that  the  concentration  of  the  comi)lex  was  maintained  at  a 
constant  level  dependent  on  the  thei-modynamic  equilibrium  between  en- 
zyme, substrate,  and  complex.  The  rate  expression  on  this  basis  can  be 
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derived  in  the  following  direct  manner.   The  reaction  sequence  may  be 

written  as: 

hi  ^ 

E+S;z±ES^E+P  (2-1) 

where  E  represents  the  enzyme,  S  the  substrate,  ES  the  enzyme-substrate 
complex,  P  the  product  or  products,  and  Jc^,  k_i,  and  ^'2  are  rate  constants. 
The  rate  is  assumed  to  be  proportional  to  the  concentration  of  the  complex: 

^'  =  -^  =  ^-^(ES)  (2-2) 

at 

The  equilibrium  concentration  of  the  complex  may  be  obtained  from  the 
expression  for  the  dissociation: 

A;_i         (E)(S) 

and  the  conservation  equation  relating  the  forms  of  the  enzyme  existing 
during  the  reaction: 

(E,)  =  (E)  +  (ES)  (2-4) 

where  (E^)  and  (E)  represent  the  total  and  free  enzyme  concentrations 
respectively.  Therefore: 

and  substituting  this  value  in  Eq.  2-2: 

A-.(E,)(S) 


(S)  +K 


(2-6) 


Since  the  maximal  rate  at  high  enzyme-saturating  substrate  concentration 
in  equal  to  ^^^(E^),  Eq.  2-6  may  be  rewritten  in  the  usual  form: 

where  F„;  is  the  maximal  rate  under  the  specified  experimental  conditions. 
This  equation  gives  the  expected  hyperbolic  curve  when  v  is  plotted 
against  (S)  and  a  sigmoid  curve  when  a  logarithmic  scale  for  (S)  is  used 
(Fig.  2-2).  The  constant  K  is  commonly  termed  the  "  Michaelis  constant  " 
and,  under  the  present  assumptions,  is  the  dissociation  constant  for  the  ES 
complex  and  an  inverse  measure  of  the  affinity  of  the  enzyme  for  the  sub- 
strate.  Vy„  and  K  for  a  particular  enzyme  reaction  may  be  determined 
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graphically  by  plotting  Ijv  against  1/(S)  since  the  reciprocal  form  of  the 
Michaelis-Menten  equation: 


1  K 


(2-8) 


80 


60- 


40- 


♦  20l- 


0.01 


1 

1 

1 

K   =OlniM 

^ 

^^ 

^^ 

^ 

/        ^   " 

-  ImM 

/ 

^ 

/ 

^ 

K 

=  IOn)M     y^ 

/ 

y 

>^ 

-^^^   1 —^ 

^^ 

1 

■" 

1 

- 

100  ntM 


Fig.  2-2.  Plots  of  Eq.  2-7  for  different  values  of  the  Michaelis  constant.  F„  =  100. 


requires  that  such  a  plot  will  result  in  a  straight  line  of  slope  KIVj„  and  will 
intersect  the  Ijv  axis  at  1/F,„.  The  value  of  K  may  be  found  directly  by 
extending  the  plot  to  the  intersection  with  tlie  1/(S)  axis,  this  being  IjK 
(Dixon,  1953  a)  (Fig.  2-3). 


Fig.  2-3.  Reciprocal  plot  of  the  Michaelis-Menten 
equation  for  the  purpose  of  determining  A',„  and  V„. 
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The  constant  K  as  determined  by  a  graphical  procedure  of  this  type  may 
be  conveniently  called  the  Michaelis  constant  and  hereafter  will  be  desig- 
nated by  K„^.  The  true  dissociation  constant  of  the  ES  complex  will  be  de- 
signated by  K^  and  will  be  called  the  "  substrate  constant."  According  to 
the  theory  of  Michaelis  and  Menten,  £",„  =  K„  but  it  is  now  known  that 
the  experimentally  determined  ^,„  is  not  necessarily  a  dissociation  constant 
and  hence  the  distinction  between  the  two  constants  must  be  carefully 
maintained.  The  differences  in  interpretation  will  be  discussed  in  greater 
detail  later. 

Many  enzyme  reactions  have  been  found  to  be  adequately  described  by 
this  simple  equation  and  the  Michaelis  constants  are  known  for  hundreds 
of  enzymes.  Selected  values  are  shown  in  Table  2-1  to  illustrate  the  range 
observed.  A  150,000-fold  difference  in  K^^  is  exhibited  even  in  this  limited 
table.  The  Michaelis  constant  has  the  dimensions  of  concentration  and  is 
actually  the  substrate  concentration  for  which  the  rate  is  half  the  maximal 
value.  It  is  a  constant  only  under  defined  experimental  conditions  and  gen- 
erally varies  with  temperature,  pH.  ionic  strength,  and  other  factors.  The 
values  of  A'j,  the  rate  constant  for  the  breakdown  of  the  ES  complex  into 
enzyme  and  products,  vary  similarly  over  a  wide  range,  usually  lying  be- 
tween 10~^  and  10*  sec~i. 

It  is,  nevertheless,  more  and  more  apparent  that  many  important  enzyme 
reactions  do  not  conform  to  this  theory  and  it  has  become  increasingly 
questionable  if  K  can  be  generally  interpreted  as  the  dissociation  constant 
of  the  ES  complex,  even  though  the  equation  fits  the  experimental  data. 
Furthermore,  the  conformation  of  the  Michaelis-Menten  equation  to  the 
data  does  not  prove  the  validity  of  the  mechanism  postulated,  inasmuch  as 
similar  or  identical  equations  may  be  derived  from  other  assumptions.  Since 
much  inhibition  analysis  involves  the  Michaelis-Menten  formulation,  it  is 
necessary  that  we  now  consider  critically  the  applicability  of  this  treatment 
and  the  interpretation  of  the  experimentally  determined  constants. 

VALIDITY  OF  THE  MICHAELIS-MENTEN  THEORY 

There  are  seven  basic  assumptions  involved  in  the  formulation  and  inter- 
pretation of  the  Michaelis-Menten  Eq.  2-7  and  these  must  be  evaluated  so 
that  the  range  of  applicability  of  the  theory  can  be  assessed. 

Assumption   of  an    Enzyme-Substrate   Complex 

The  concept  of  intermediary  complexes  between  enzyme  and  substrate 
is  of  the  utmost  importance  in  enzyme  kinetics  and  the  understanding  of 
the  mechanisms  of  inhibition.  It  should  be  mentioned  that  the  idea  of  such 
complexes  did  not  originate  with  Michaelis  and  Menten  but  was  suggested 
by  Henri  (1902)  and  stated  explicitly  by  Brown  (1902)  as  follows:   "  Let 
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Table  2-1 
Substrate  Michaelis  Constants  for  a  Few  Enzymes 


Enzyme 

Source 

Substrate 

K^{mM) 

Glucose  dehydrogenase 

Beef  liver 

Glucose  (pH  7) 

150 

Lipase 

Pancreas 

Monobutyrin 

75 

Glycerol  dehydrogenase 

Aerobacter 

Glycerol 

39 

/^-Glucosidase 

Almond 

^-99-D-Glucoside 

27 

y-Glutamyl  transferase 

Brain 

Glutamine 

23 

Aliesterase 

Liver 

Methylbutyrate 

22 

Creatine  phosphokinase 

Rabbit  muscle 

Creatine 

19 

/3-Fructofuranosidase 

Yeast 

Sucrose 

16 

Succinyl-CoA  synthetase 

Pig  heart 

Succinate 

15 

L-Glutamate  decarboxylase 

E.  coli 

L-Glutamate 

14.3 

Lipase 

Pancreas 

Dibutyrin 

10 

Carbonic  anhydrase 

Erythrocytes 

CO2 

7.5 

Acid  phosphatase 

Prostate 

a-Glycerophosphate 

3 

Glucosan  phosphorylase 

Potato 

Glucose- 1  -phosphate 

2.6 

L-Glutamate  dehydrogenase 

Beef  liver 

L-glutamate 

1.9 

Nitrate  reductase 

Neurospora 

Nitrate 

1.4 

Acetyl -CoA  synthetase 

Beef  heart 

Acetate 

1.4 

Ribokinase 

Yeast 

D-Ribose 

1.2 

Aconitase 

Pig  heart 

Citrate 

1.1 

Arginine  decarboxylase 

E.  coli 

L-Arginine 

0.75 

Lipase 

Pancreas 

Tributyrin 

0.6 

Creatine  phosphokinase 

Rabbit  muscle 

ATP 

0.6 

Phosphoglucose  dehydroge- 

nase 

Leuco7iostoc 

Glucose-6-phosphate 

0.53 

Alcohol  dehydrogenase 

Horse  liver 

Ethanol  (pH  8) 

0.5 

Coenzyme  nucleosidase 

Neurospora 

DPN+ 

0.5 

Isocitrate  dehydrogenase 

Beef  heart 

Isocitrate 

0.45 

Glycerate  kinase 

Liver 

D -Glycerate 

0.39 

Succinate  dehydrogenase 

Pig  heart 

Succinate 

0.37 

Hexokinase 

Yeast 

Glucose 

0.15 

Pyruvate  phosphokinase 

Rabbit  muscle 

Phosphoenolpyruvate 

0.086 

Phosphoglyceraldehyde 

dehydrogenase 

Rabbit  muscle 

Glyceraldehyde-.3- 

phosphate 

0.051 

Coenzyme  transhydrogenase 

Pseudomonas 

TPN+ 

0.05 

Aldehyde  dehydrogenase 

Yeast 

Acetaldehyde 

0.035 

Tryptophanase 

E.  coli 

L-Tryptophan 

0.025 

Crotonase 

Beef  liver 

Crotonyl-CoA 

0.02 

Col-cytochrome  c  reductase 

Liver  microsomes 

Cytochrome  c 

0.02 

Adenosinetriphosi)hatase 

Rabbit  muscle 

myosin 

ATP 

0.014 

Butyryl-CoA  dehydrogenase 

Beef  liver 

Butyryl-C!oA 

0.014 

Phosphoglyceromutase 

Yeast 

D-Glycerate-2,3- 

diphosphate 

0.01 

Hexokinase 

Brain 

Glucose 

0.008 

Guanase 

Rat  liver 

Guanine 

0.005 

Monoiodotyrosine  deiodinase 

Thyroid 

Monoiodotyrosine 

0.00092 
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it  be  assumed,  therefore,  that  one  molecule  of  an  enzyme  combines  with 
one  molecule  of  a  reacting  substance,  and  that  the  compound  molecule 
exists  for  a  brief  interval  of  time  during  the  further  actions  which  end  in 
disruption  and  change."  The  rate-limiting  breakdown  of  this  complex  was 
assumed  in  order  to  explain  the  kinetics  of  /?-fructofuranosidase  and  it  re- 
mained only  for  Michaelis  and  Menten  to  express  this  mechanism  in  mathe- 
matical form  some  10  years  later.  The  history  of  the  ES  complex  concept 
is  well  told  by  Segal  (1959). 

The  existence  of  ES  complexes  was  generally  accepted  for  many  years 
on  the  basis  of  the  success  of  the  theory,  since  the  demonstration  of  such  a 
short-lived  complex  was  technically  difficult.  Direct  evidence  for  the  com- 
plex was  first  obtained  on  peroxidase-HgOg  by  Keilin  and  Mann  (1937). 
Subsequent  spectroscopic  work  in  various  laboratories  has  demonstrated 
complexes  of  catalase  and  HoOg  (Chance,  1947),  catalase  and  alkylperoxides 
(Chance  and  Herbert,  1950),  ribonuclease  and  ribonucleic  acid  (RNA) 
(Hakim,  1957),  and  aldolase  and  dihydroxyacetone  phosphate  (Topper, 
et  al.,  1957).  The  binding  of  the  substrate  i\^-acetyl-3.5-dibromo-L-tyrosine 
to  chymotrypsin  has  been  demonstrated  by  equilibrium  dialysis  using  an 
exchange  reaction  with  HaO^^  (Doherty  and  Vaslow,  1952)  and  a  complex 
between  pepsin  and  ovalbumin  was  shown  by  light-scattering  measurements 
at  low  pH  where  the  hydrolytic  rate  was  slow  (Yasnoff  and  Bull,  1953). 
Very  stable  complexes  of  the  acyl  derivatives  of  coenzyme  A  with  acyl 
dehydrogenases  have  been  isolated  (Beinert  and  Steyn-Parve,  1958;  Steyn- 
Parve  and  Beinert,  1958).  The  complexing  of  DPN+  or  DPNH  to  the  follow- 
ing enzymes  has  been  conclusively  demonstrated:  alcohol  dehydrogenase 
(Theorell  and  Bonnichsen,  1951),  lactic  dehydrogenase  (Chance  and  Neilands, 
1952),  phosphoglyceraldehyde  dehydrogenase  (Racker  and  Krimsky,  1952), 
and  DPNH-peroxidase  (Dolin,  1956).  A  number  of  different  types  of  com- 
plexes between  various  dehydrogenases,  DPN+,  and  nucleophilic  agents 
has  been  observed  (Eys  et  al.,  1958).  Indirect  evidence  for  complexes  is 
seen  in  the  protection  of  enzymes  from  denaturation  by  their  substrates 
and  in  the  competitive  inhibition  of  many  enzymes  by  structural  analogs 
of  their  substrates.  There  would  thus  seem  to  be  sufficient  evidence  that 
the  assumption  of  intermediary  complexes  is  justified  but  the  exact  nature 
of  the  complex  in  most  instances  remains  unknown.  The  assumption  of  a 
complex  does  not  specify  any  particular  lifetime,  nor  does  it  involve  any 
designated  structure  for  this  complex,  nor  does  it  restrict  in  any  way  the 
nature  of  the  interaction  between  enzyme  and  substrate. 

Assumption   That  K  Is  the   Dissociation   Constant  of  the  Complex 

The  interpretation  of  K  as  a  dissociation  constant  depends  on  the  assump- 
tion that  the  breakdown  of  the  complex  into  the  products  is  slower  than  the 
formation  of  the  complex,  limiting  the  rate  of  the  over-all  reaction,  and  slower 
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than  the  dissociation  of  the  complex  into  the  enzyme  and  original  substrate. 
A  more  general  treatment  was  developed  by  Briggs  and  Haldane  (1925) 
based  on  steady-state  kinetics  wherein  the  rates  of  formation  and  break- 
down of  the  complex  are  assumed  to  be  equal  and  the  concentration  of  the 
complex  remains  constant  during  the  experimental  period.  Assuming  the 
same  reaction  sequence  of  Eq.  2-1: 

'^^^^^      ■■  ^■:(E)(S)  —  ^-_i(ES)  —  UE8)  =  0  (2-9) 


dt 


Proceeding  in  the  same  manner  as  previously,  the  steady-state  concentra- 
tion of  the  complex  is  found  to  be: 


ki{8)  +  A;_i  -I-  ki 


and  the  rate  equation  is  identical  in  form  to  Eq.  2-7: 

(S)  ..  (S) 


(S)  +  [(A:_i  +  k,)lk^]  ""    (S)  +  K, 


(2-11) 


except  that  the  Michaelis  constant  is  no  longer  the  simple  dissociation 
constant  of  the  complex,  k_Jki,  but  also  involves  k^.  Three  general  situa- 
tions may  be  visualized. 

(a)      k_i  =  ki     Km  =  [k-i  +  k2)lki       General  Michaelis  constant 

(6)       k_i  >  ^'2     K,n  =  Ks  =  k^Jki        Substrate  dissociation  constant 

(c)      k_i  <^  ki     K,„  ==  kijki  Kinetic  constant 

The  constants  derived  from  kinetic  data  may  thus  have  different  meanings 
and  one  must  determine  the  values  of  the  rate  constants  A;_i  and  k^  in  order 
to  be  certain  of  the  correct  interpretation. 

It  is  important  to  comment  at  this  point  on  the  symbolism  chosen  for 
the  constants  in  the  rate  equation.  The  choice  of  K„^  to  indicate  the  Mi- 
chaelis constant  as  determined  from  kinetic  data  by  graphical  analysis, 
where  the  physical  meaning  is  unknown,  and  of  K,  to  represent  the  true 
dissociation  constant  of  the  ES  complex  or  substrate  constant  is  basically 
in  agreement  with  Dixon  and  Webb  (1958).  In  many  of  the  rate  equations 
throughout  this  volume,  this  constant  will  be  written  as  K^.  because  the  de- 
rivations of  the  equations  will  assume  equilibrium  conditions,  but  in  most 
cases  Kf.  may  be  replaced  with  K„^,  where  K^,,,  may  be  expressed  in  terms  of 
the  various  rate  constants  from  a  steady-state  treatment.  In  comparing 
affinities  of  enzymes  for  substrates  and  inhibitors,  it  is  appropriate  to  use 
K^  and  K.  (the  dissociation  constant  of  the  EI  complex),  but  in  no  case 
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should  K„,  be  used  in  this  connection  when  its  interpretation  is  uncertain. 
With  regard  to  the  subscript  numbers  on  the  rate  constants  (l\.  A-.j.  and 
k2  instead  of  the  more  commonly  used  k^,  A',,  and  k^).  enzyme  kinetics 
will  be  more  and  more  concerned  with  longer  multistep  sequences  and  the 
use  of  the  same  number  for  a  step,  with  a  negative  subscript  referring  to 
the  reverse  reaction,  is  clearer.  For  example,  when  one  sees  k_3  it  is  imme- 
diately evident  that  it  refers  to  the  reverse  reaction  of  the  third  step  in  the 
sequence. 

The  Michaelis  constant  iiC,,;  is  unquestionably  an  important  and  useful 
constant  characterizing  an  enzyme  even  though  its  physical  meaning  is 
not  known,  since  it  specifies  the  quantitative  dependence  of  the  rate  on  the 
substrate  concentration.  Within  the  past  few  years,  many  enzymes  have 
been  subjected  to  exhaustive  analysis  to  interpret  K^^  and  each  of  the  three 
situations  above  has  been  observed;  thus  for  tryx)sin  and  chymotrypsin, 
K„^  =  Kg  and  Michaelis-Menten  kinetics  are  followed,  whereas  for  carboxy- 
peptidase,  peroxidase,  alcohol  dehydrogenase,  and  glucose  oxidase.  ^,„ 
is  a  kinetic  constairfr  The  protease  ficin  is  in  the  category  where  K,,^  in- 
volves all  the  rate  constants.  The  deviation  of  K,,^  from  K^  increases  as 
k2  or  F„;  increases  in  situations  where  A'j  can  be  varied  by  altering  the  con- 
ditions of  the  experiment  (Slater  and  Bonner.  1952)  since: 

Kr„  =  K,  +  -^  (2-12) 

It  is  thus  possible  that  the  K^^^  for  a  single  enzyme  may  require  different 
interpretations  depending  on  the  experimental  conditions.  Peroxidase  un- 
der ordinary  circumstances  gives  a  K,,^  that  is  essentially  k.y  k^  but  when 
the  concentration  of  hydrogen  donor  (leucomalachite  green)  is  reduced 
sufficiently  k.2  can  become  comparable  to  k_i  or  even  less  (Chance,  1943). 
A  similar  situation  holds  for  succinic  dehydrogenase,  where  under  the  usual 
conditions  ^,„  is  more  likely  to  be  a  complex  function  that  a  dissociation 
constant  (Slater  and  Bonner,  1952). 

With  regard  to  the  relative  values  of  the  rate  constants,  it  is  illustrative 
to  conceive  of  the  course  of  an  enzymic  reaction  in  terms  of  the  free  ener- 
gies of  the  molecular  species  and  complexes.  Several  such  energy  contours 
are  plotted  in  Fig.  2-4  for  various  possibilities  in  the  relative  values  of  the 
rate  constants.  Theoretically  any  of  these  pathways,  or  intermediate  ones, 
might  be  followed  by  an  enzyme  reaction.  However,  in  situations  D,  E, 
and  F  the  ES  complex  is  less  stable  than  the  reactants  {K^  >  1  M) 
and  this  is  seldom  observed  in  enzyme  reactions.  Situation  A  represents  the 
classic  Michaelis  formulation  (/i,„  =  K,  =  A'_i  Z.'^)  and  B  the  case  where  Kj,^ 
is  a  kinetic  constant  (A',„  =  koki);  intermediate  between  the.se  would  be 
the  situations  where  K„^  is  a  function  of  all  three  rate  constants.  In  reaction 
C  the  rate  would  not  be  determined  by  the  breakdown  of  the  ES  complex 
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[instead  v  =  k-^^  (E)  (S)]  and  such  reactions  would  appear  to  be  rare.  Thus 
A,  B,  and  intermediates  between  them  would  represent  the  usually  assumed 
situations,  but  the  other  four  possibilities  with  certain  enzymes  or  under 
particular  experimental  conditions  should  not  be  neglected. 


E+s 


ES  \E-P 

It  I  >   k-i  >  l<2 


l<l  >  l<2  >  Ki 


E  +  P 


kp>    k.  >  k 


E  +  P 


k.|  >  k|  >  k2 


k.|  >    k2>  k, 


Fig.  2-4.  Energy  contours  for  simple  enzyme 
reactions  with  various  relative  values  of  the  rate 
constants.  (From  Laidler  and  Socquet,   1950.) 


Assumption  That  the  Free  Substrate  Concentration   Is   Equivalent  to  the 

Substrate   Added 

The  substrate  concentration  is  generally  much  higher  than  the  enzyme 
concentration  under  experimental  conditions  and  Michaelis  and  Menten 
therefore  assumed  that  only  the  enzyme  concentration,  and  not  the  substrate 
concentration,  was  reduced  by  the  formation  of  the  ES  complex.  Enzyme 
concentrations  are  probably  within  the  range  of  10~^— 10~'^  vaM  in  most 
studies,  so  that  even  if  the  enzyme  were  saturated  with  substrate,  there 
would  be  no  appreciable  decrease  in  the  substrate  concentration,  unless  K„^ 
is  very  low  and  a  low  concentration  of  substrate  is  used.  However,  within 
the  cell  or  in  a  limited  region  of  the  cell,  such  as  the  mitochondria,  the  con- 
centrations of  substrate  and  enzyme  may  be  more  comparable,  especially 
in  closed  systems  of  condensed  enzyme  units  where  the  substrate  is  being 
produced  by  another  enzyme.  When  the  formation  of  the  ES  complex  re- 
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duces  the  substrate  concentration  appreciably,  the  Michaelis  formulation 
will  not  be  obeyed  and  reciprocal  plots  may  not  be  linear,  in  which  case  the 
treatment  can  be  extended  by  putting: 

[(S,)]  -  (ES)  [(E,)  -  (ES)] 
^'  = (ES) ^^-^^^ 

where  (S,)  is  the  total  concentration  of  substrate.  The  expression  for  (ES) 
now  is  not  simple  but  involves  a  quadratic  equation  and  the  actual  deter- 
mination of  (ES)  to  compare  with  (S^)  requires  a  knowledge  of  the  enzyme 
concentration  (or  specifically  the  concentration  of  enzyme  active  centers). 
The  generalized  treatment  of  Straus  and  Goldstein  (1943)  includes  this  pos- 
sible reduction  in  substrate  concentration  and  will  be  discussed  in  the  follow- 
ing chapter. 

It  will  suffice  for  the  present  to  calculate  the  expected  reduction  in  sub- 
strate concentration  for  a  particular  case.  If  one  assumes  that  within  the 
experimental  reaction  volume  the  enzyme  protein  is  10%  and  the  molecular 
weight  for  a  single  reactive  site  is  62,000,  it  is  found  that  (E^)  is  1.6  X  10~^  M. 
With  a  Michaelis  constant  of  3  X  10~^  M  and  a  substrate  concentration  of 
of  10~^  M,  it  may  be  calculated  that  the  substrate  concentration  would 
be  reduced  by  30%,  a  significant  amount;  if  i?^,„  is  3  X  10~*  M,  the  reduction 
would  be  74%.  It  is  particularly  important  that  consideration  be  given 
to  such  effects  when  correlations  are  made  between  results  on  isolated 
enzyme  systems  in  homogeneous  solution  and  the  same  enzyme  system 
within  the  cell. 

Another  reason  for  a  decrease  in  substrate  concentration  under  experi- 
mental conditions  would  be  the  utilization  of  the  substrate  in  the  reaction, 
but  this  difficulty  can  be  avoided  most  simply  by  determining  only  the 
initial  reaction  rate  before  sufficient  depletion  of  substrate  has  occurred. 

Assumption   That  the   Products   Are   Released 
from   the   Enzyme   Rapidly 

Michaelis  and  Menten  postulated  that  the  products  formed  from  the  reac- 
tion of  the  ES  complex  were  essentially  simultaneously  set  free  from  the 
enzyme.  It  is  quite  possible  in  some  enzyme  reactions  that  a  relatively  stable 
EP  complex  is  formed  which  dissociates  at  a  sufficiently  slow  rate  to  limit 
the  over-all  reaction.  For  this  situation  the  following  sequence  can  be  for- 
mulated: 

E  +  S  ^  ES  ^  EP  ^  E  +  P  (2-14) 

and  it  is  assumed  that  v  =  ^3  (EP).  It  is  found  that  the  rate  equation  is 
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identical  to  the  Michaelis-Menten  Eq.  2-7  but  the  constants  have  different 
values: 


ICi  +  k,_2  -\-  ks 


(2-15) 


Ki(k2  +  k-2  ~r  fCs) 

Reactions  of  this  type  cannot  be  distinguished  from  the  Michaelis-Menten 
type  by  the  usual  steady-state  kinetics  and  may  be  more  common  than 
supposed.  It  may  be  noted  that  as  ^3  becomes  larger,  K,,^  more  closely 
approaches  (A'_i-f  A•o)/^•|;  also  if  ^•_2^  ^2  ^^^^  the  enzyme  complex  is  mainly 
ES,  even  though  k^  is  small,  K,,^  becomes  the  substrate  constant  K^.  Peller 
and  Alberty  (1959)  have  presented  a  steady-state  treatment  of  the  kinetics 
followed  by  enzyme  systems  in  which  an  indefinite  number  of  intermediary 
complexes  occur  between  a  single  substrate  entering  the  reaction  and  a 
single  product  being  formed.  Reiner  (1959,  p.  46)  has  thoroughly  analyzed 
a  reversible  enzyme  system  in  which  two  intermediary  complexes  occur.  In 
most  cases,  the  number  of  such  intermediary  complexes  is  not  known  and 
it  is  very  difficult  to  interpret  K^,^  or  to  determine  the  values  of  the  rate 
constants. 

Assumption  That  the  Over-All    Reaction   Is   Irreversible 

The  Michaelis-Menten  treatment  assumes  that  the  breakdown  of  the  ES 
complex  to  the  products  is  irreversible;  that  is,  that  the  reverse  reaction 
whereby  an  EP  complex  would  be  formed  does  not  occur.  Enzymes,  however, 
are  known  to  catalyze  reactions  in  both  directions.  From  the  practical 
standpoint,  if  the  measurements  are  made  early  in  the  reaction  before  the 
concentration  of  products  has  risen  or  if  the  products  are  removed  from 
the  reaction  as  they  are  formed,  this  assumption  of  irreversibility  is  probably 
valid.  For  the  situation  where  the  reverse  reaction  is  important,  Haldane 
(1930)  derived  appropriate  extensions  to  the  Michaelis-Menten  theory.  If 
one  assumes  the  reaction  sequence: 

S  +  E  ^  ES  ^  EP  ;:±  E  +  P  (2-17) 

h/ 1  A. 0  fC 3 

the  rates  of  the  forward  and  backward  reactions  will  be  given  by  typical 
Michaelis  equations  and  the  over-all  rate  by: 

VJS)K,  -  F,(P)A;„  ^2.18) 


K,„K,  +  (S)K.,  +  (P)A',„ 
where  F,„  and  7^  are  the  maximal  rates  for  the  forward  and  backward  reac- 
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tions  and  iiL,„  and  K^  are  the  corresponding  Michaelis  constants.  These 
constants  have  the  following  values: 


y 

hhi^t) 

'  m 

Ji2  +  k_ 

2    +    ^3 

k-ifi3 

-T  k^ik_i 

1     "I'ana 

K 


fl—l    ~r    n^2   ~r    K-2 


kiiki  +  k_2  +  ks)  k_3(k.i  +  ki  +  k_2) 

This  reaction,  started  from  either  direction,  will  approach  an  equilibrium 
where  the  relative  concentrations  of  S  and  P  will  be  determined  by  the 
equilibrium  constant  of  the  over-all  reaction  S  ^  P.  It  is  interesting  to  note 
that  this  equilibrium  constant  is  related  to  the  kinetic  terms  in  the  follow- 
ing manner: 

(S)        k^k^t^        Ks 

where  K^p,  as  above,  is  the  equilibrium  constant  (ES)/(EP).  If  an  activator 
or  inhibitor  of  the  enzyme  alters  the  affinity  of  the  enzyme  for  the  substrate 
(i.e.  Kg),  it  is  evident  that  the  other  dissociation  constants  must  change 
appropriately  since  Kq  is  unaffected  by  any  effect  on  the  enzyme. 

Assumption  That  One  Substrate  Molecule  Is  Bound  At  One  Enzyme  Site 

The  assumption  that  only  a  single  substrate  molecule  is  bound  to  each 
enzyme  active  center,  or  that  if  there  are  more  than  one  active  center  on 
the  enzyme,  the  binding  of  substrate  to  each  site  is  independent,  is  probably 
justified  for  most  enzyme  reactions  but  not  for  all.  If  the  complex  consists 
of  more  than  one  substrate  molecule  as  in  the  sequence: 

'^•i  k 

«S  +  E  ^  ES„  4  E  +  P  (2-20) 

the  rate  is  given  by: 

(S)« 

where  K,,^  =  {k_i+k-2)jki  in  the  general  case.  The  substrate  concentration 
for  half  the  maximal  rate  is  K„^^^"  and  the  reciprocal  plot  of  Ijv  against 
1/(S)  will  not  be  linear.  Reactions  of  this  type  are  uncommon  and  values 
of  n  above  two  are  very  unlikely.  If  a  plot  of  1/v  against  1/(S)^  gives  a  straight 
line,  a  reaction  involving  two  substrate  molecules  may  be  suspected,  but  if 
non-integral  values  of  n  are  necessary,  it  is  probable  that  the  deviation 
from  linearity  is  due  to  other  factors.  Situations  where  two  different  sub- 


26  2.    THE    KINETICS    OF   ENZYME    REACTIONS 

strates  react  with  the  enzyme  are  discussed  in  a  later  section.  The  problem 
of  interactions  between  adjacent  substrate  sites  is  also  dealt  with  later. 

Assumption   That   Concentrations   of   Reactants    May    Be    Used    Instead    of 

Activities 

This  simplification  is  not  unique  to  the  Michaelis-Menten  theory  but  has 
been  used  in  most  enzyme  kinetic  w^ork  for  the  reasons  that  either  the  de- 
viations produced  were  considered  negligil^ly  small  or  that  no  accurate  esti- 
mation of  the  activity  coefficients  of  the  substances  involved  could  be  made. 
The  activity  coefficient  (y)  is  the  factor  by  which  the  concentration  must  be 
multiplied  to  give  the  activity  or  thermodynamic  concentration,  and  it  is 
this  activity  that  ideally  should  be  used  in  kinetic  and  equilibrium  expres- 
sions. The  activity  is  equivalent  to  the  concentration  only  in  ideal  or  very 
dilute  solutions;  solutions  in  which  enzyme  reactions  are  run  are  generally 
not  ideal,  nor  is  the  intracellular  medium.  The  activity  coefficient  of  an 
ion  decreases  with  increasing  charge  on  the  ion  and  increasing  ionic  strength 
of  the  solution.  The  ionic  strengths  of  enzyme  reaction  media  vary  greatly  and 
the  exact  intracellular  ionic  strength  is  not  known.  Examples  of  calculated 
ionic  strengths  of  possible  reaction  media  are  given  in  the  tabulation  below. 


Solution  Ionic  strength 

10  m3I  Sodium  acetate  (pH  7  -  7.4)  0.010 

10  mil/  Sodium  succinate  (pH  7  —  7.4)  0.025 

20  mM  Phosphate  buffer  (pH  7.4)  0.039 

10  mM  Sodium  succinate  in  phosj^hate  buffer  0.064 

154  mM  Sodium  chloride  (0.9%)  0.154 

10  m3I  Sodium  succinate  in  0.9%  sodiiun  chloride  0.179 

10  m3/  Sodium  succinate  in  phosiihate  buff'er  and  0.9°'o  sodium  chloride     0.218 

The  ionic  strength  of  Krebs-Ringer  media  is  approximately  0.161  and  it  is 
probably  safe  to  assume  that  the  bulk  cytov)lasmic  ionic  strength  is  not 
very  far  from  this  figure.  Using  the  Debye-Hiickel  equation,  including  the 
salting-out  effect,  the  activity  coefficient  of  a  single-charged  ion  at  this  ionic 
strength  can  be  calculated  to  be  aijjn'oximately  0.76  and  of  a  double-charged 
ion  approximately  0.31,  values  which  check  reasonably  well  with  those  de- 
termined experimentally.  Even  at  an  ionic  strength  of  0.01,  the  activity 
coefficient  of  a  uni-univalent  salt  is  around  0.90. 
For  an  equilibrium  of  the  type: 

^    (E)(S) 
'         |(ES) 
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the  true  or  thermodynamic  equilibrium  constant  (KJ)  is  related  to  the 
determined  or  classic  equilibrium  constant  by  the  expression: 

j^  ,        deds        VeV,     (E)(S)         y,y, 

Ks    = = ,-p.^,     = A,  (2-22) 

Ces  Yes  (-l^fe)  Yes 

If  free  energy  values  are  to  be  obtained  from  substrate  constants,  KJ  should 
be  used,  and  when  the  experimentally  determined  Kg  differs  appreciably 
from  KJ  these  energy  values  may  be  in  error.  The  ionic  fractions  of  the 
enzyme  active  center  are  generally  present  at  activities  less  than  their  con- 
centrations and  the  factor  yeYslVes  may  deviate  appreciably  from  unity. 

Additional    Remarks    Pertaining   to   the   Validity   of  the    Michaelis-Menten 

Treatment 

The  foregoing  evaluation  of  the  assumptions  of  the  original  Michaelis- 
Menten  formulation  make  it  apparent  that  although  the  fundamental  con- 
cept of  a  substrate-enzyme  complex  is  quite  well  established,  the  data  ob- 
tained experimentally  cannot  usually  be  interpreted  in  a  simple  manner, 
particularly  with  regard  to  the  Michaelis  constant  Ky,^.  This  applies  to  re- 
latively simple  enzyme  reactions.  Many  important  enzyme  reactions  are 
being  found  to  be  more  complex  than  those  systems  upon  which  the  theory 
was  based,  and  the  complications  of  activators,  coenzymes,  donors  and 
acceptors,  polycomplexes,  and  catenary  reactions,  make  it  evident  that 
the  basic  Michaelis-Menten  equation  has  only  a  limited  range  of  applicability. 
Many  instances  might  be  cited  where  misinterpretation  of  the  results  might 
occur  using  the  simple  theory.  A  particularly  illuminating  example  is  pro- 
vided by  glucose  oxidase  (notatin),  a  relatively  simple  enzyme  system,  in 
the  discussion  of  the  conclusions  of  Slater  by  Dixon,  Laidler,  Ingraham, 
and  Bernard  (Slater,  1955,  pp.  301-312).  Certain  of  these  more  complex 
systems  and  the  extensions  that  must  be  made  to  the  original  theory  will 
be  discussed  briefly  in  a  subsequent  section. 

NATURE   OF  THE   INTERMEDIATE    COMPLEXES  WITH   THE 

ENZYME 

A  brief  discussion  of  the  molecular  mechanisms  of  enzyme  catalysis  will 
be  presented  in  this  section  since  it  is  only  against  such  a  background  that 
the  many  types  of  inhibition  may  be  visualized  and  interioreted.  The  bind- 
ing of  the  substrate  to  the  enzyme  to  form  the  ES  complex  provokes  no 
unique  problems,  being  one  segment  in  the  general  field  of  interactions  be- 
tween various  molecules  and  proteins;  it  is  the  subsequent  reaction  of  the 
ES  complex  that  distinguishes  the  enzymic  event.  The  forces  that  bind  sub- 
strates to  enzyme  active  centers  are  those  that  are  involved  in  molecular 
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interactions  generally:  electrostatic  attraction  between  ionic  groups,  dipole 
interactions,  forces  arising  from  polarization  in  local  electric  fields,  disper- 
sion forces,  covalent  bonds,  and  hydrogen  bonds.  Any  one  or  a  com- 
bination of  these  may  be  involved  in  the  total  interaction  energy.  The 
binding  of  inhibitors  is  quite  comparable  and  a  more  detailed  discussion 
of  these  interaction  forces  will  be  presented  in  Chapter  6  in  connection  with 
inhibition. 

It  is  probable  that  most  substrates  are  bound  to  the  active  center  by 
two  or  more  interaction  loci  or  attachment  points;  i.e.,  several  regions  on 
the  substrate  molecule  interact  with  the  enzyme.  This  is  attested  to  by  the 
high  specificity  of  most  enzymes  and  is  necessary  in  order  that  the  substrate 
assume  the  proper  configuration  for  reaction.  In  some  cases  it  would  appear 
that  the  entire  substrate  molecule,  or  at  least  one  side  of  it,  fits  fairly  ac- 
curately a  complementary  configuration  on  the  enzyme,  since  the  alteration 
of  any  group  on  the  molecule  changes  the  binding  characteristics.  The  sit- 
uation here  is  probably  not  too  different  from  the  reaction  between  antigen, 
or  hapten,  and  antibody,  where  conformity  to  within  1-2  A  is  requisite  for 
maximal  interaction.  This  multipoint  attachment  of  substrate  increases 
the  possibilities  of  interference  by  inhiljitors,  since  the  blocking  or  modifi- 
cation of  only  one  group  out  of  several  may  be  sufficient  to  reduce  the  reac- 
tion rate  significantly  or  totally. 

The  problem  of  activation  arises  because  it  is  generally  stated  that  the 
substrate  is  activated  upon  being  bound.  The  term  activation  has  several 
meanings;  it  would  be  more  satisfactory  if  its  use  were  restricted  to  those 
states  of  high  energy  level  and  temporary  abnormal  electron  configuration 
implied  in  transition  state  kinetics.  If  this  view  is  maintained,  it  is  evident 
that  the  usual  ES  complex  does  not  represent  an  activated  state,  since 
its  energy  level  is  generally  lower  (it  is  really  a  more  stable  state  of  the 
enzyme  and  substrate  considered  thermodynamically)  and  its  atomic  and 
electronic  configuration  is  normal  (its  structure  may  be  defined  in  terms  of 
ordinary  interatomic  distances  and  electron  positions).  The  ES  complex, 
however,  does  pass  through  a  truly  activated  state  EX*  in  the  course  of  the 
reaction,  and  sometimes  perhaps  through  a  series  of  such  activated  states 
(Fig.  2-5).  In  some  reactions  the  products  may  be  formed  unbound  to  the 
enzyme  from  the  transformation  of  the  EX*  complex,  but  in  other  cases 
the  products  form  complexes  with  the  enzyme  that  are  comparable  to  the 
ES  complexes. 

Despite  the  fact  that  the  substrate  molecule  may  not  be  truly  activated 
when  bound  in  the  ES  complex,  it  is  obvious  that  it  is  in  a  different  state 
from  that  free  in  solution,  inasmuch  as  binding  implies  forces  that  must 
alter  the  electronic  configuration  and  over-all  structure  to  some  extent, 
increasing  the  probaljility  of  reaction  with  another  molecule.  It  might  be 
said  that  binding  increases  the  probability  of  activation.  There  is  also  the 
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restriction  that  is  imposed  on  the  movements  of  the  molecule,  as  a  whole 
or  intramolecularly,  resulting  in  a  decrease  of  entropy  that  may  play  an 
important  role  in  the  energetics  of  activation.  It  would  often  be  valuable 
to  know  in  what  configuration  the  substrate  is  bound  in  the  ES  complex 
when  one  is  attempting  to  visualize  the  binding  of  inhibitors  that  interact 
with  the  active  center  in  a  way  comparable  to  the  substrate.  Is  the  substrate 
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Fig.  2-5.  Hypothetical  energy  contours 
for  various  types  of  enzyme  reactions. 
The  third  situation  might  represent 
transfer  reactions,  such  as  transphosphor- 
ylation  or  transacetylation.  The  starred 
complexes  indicate  activated  states. 

bound  in  its  normal  most  probable  configuration  or  in  a  distorted  configu- 
ration conducive  to  reaction?  In  the  binding  of  succinate,  for  example,  are 
the  cationic  groups  on  the  dehydrogenase  the  same  distance  apart  as  the 
normal  distance  between  the  carboxylate  groups  on  the  succinate,  or  is 
the  succinate  bent  or  stretched  into  a  form  different  from  the  one  it  would 
statistically  assume  in  solution?  The  interaction  of  competitively  inhibiting 
dicarboxylic  acids,  such  as  malonate,  could  be  interpreted  more  quantita- 
tively if  this  question  could  be  answered  definitely. 
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The  most  common  mechanism  by  which  enzymes  accelerate  reactions  may 
well  be  the  electron  displacement  induced  in  the  substrate  by  which  it  is 
made  more  susceptible  to  attack  by  another  substance,  whether  this  be  a 
second  substrate,  a  coenzyme,  a  proton,  or  the  solvent.  Most  organic  reac- 
tions may  be  characterized  as  electrophilic  or  nucleophilic,  depending  on 
whether  the  attacking  group  possesses  affinity  for  electrons  or  a  tendency 
to  lose  them.  The  enzyme,  by  creating  or  modifying  electron-rich  and  elec- 
tron-poor regions  in  the  substrate,  may  thus  facilitate  such  attack.  In  other 
cases  it  may  provide  a  pathway  by  which  electrons  or  protons  can  move 
from  one  locus  to  another,  these  electrons  or  protons  being  directly  donated 
or  accepted  by  some  enzyme  group,  the  enzyme  here  truly  participating  in 
the  reaction.  The  large  number  of  charged  groups  on  proteins  gives  them 
the  ability  not  only  to  bind  substrates  but  to  polarize  them.  The  binding 
groups  may  not  play  a  role  in  the  reaction  but  merely  serve  to  anchor  the 
substrate  molecule  so  that  appropriate  groups  can  be  polarized.  In  the  large 
group  of  hydrolytic  enzymes,  acidic  or  basic  catalysis  may  operate  under 
more  favorable  conditions  due  to  this  polarization  or  the  spatial  apposition 
of  the  susceptible  bond  to  acidic  or  basic  groups  on  the  active  site.  In  the 
reduction  of  aldehyde  catalyzed  by  the  alcohol  dehydrogenase: 

R-CHO  +  H+  +  DPNH  ->  R-CH2OH  +  DPN+ 

it  has  been  shown  that  one  hydrogen  atom  comes  from  the  DPNH  and  one 
from  an  acidic  group  on  the  protein,  and  the  importance  of  this  acidic  group 
for  the  binding  indicates  that  a  hydrogen  bond  may  be  formed  in  the  ES 
complex,  facilitating  the  hydrogen  transfer  (Sizer  and  Gierer,  1955).  It 
has  been  postulated  that  both  acidic  and  basic  groups  may  participate  in 
a  so-called  "  push-pull  "  type  of  acid-base  catalysis  in  certain  enzymes, 
this  being  more  efficient  than  either  acidic  or  basic  catalysis  alone  (Laidler, 
1955  a).  It  is  becoming  more  and  more  evident  that  in  many  reactions  true 
chemical  compounds,  involving  covalent  bonds,  are  formed  between  sub- 
strate and  enzyme  at  some  stage  of  the  reaction  sequence  and  that  the 
molecular  transformations  involving  the  activated  complexes  must  include 
the  active  center  groups  as  well  as  the  reactants. 

Reaction  sequences  or  energy  diagrams,  as  usually  presented,  make  it 
appear  that  the  total  reaction  occurs  in  a  series  of  stages  identified  by 
various  intermediate  complexes  and  one  comes  to  conceive  of  these  reac- 
tions as  actually  proceeding  through  these  discrete  steps.  It  is  possible,  how- 
ever, that  on  the  molecular  level  such  considerations  are  arbitrary  and  ar- 
tificial, since  the  reaction  may  proceed  quite  smoothly  without  any  distin- 
guishable intermediate  compounds  or  complexes.  In  fact,  two  or  more  steps 
that  are  written  sequentially  may  occur  simultaneously.  The  conventions 
of  description  should  not  too  much  limit  our  concepts  of  reality.  It  is  perhaps 
ideal,  whenever  possible,  to  visualize  an  enzyme  reaction  in  terms  of  the 
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motions  of  electrons,  protons,  and  atoms  from  the  initial  molecular  con- 
figuration of  the  substrate  to  the  final  one  of  the  products.  Due  to  our  lack 
of  knowledge  of  the  intimate  meclianisms  and  kinetics  of  most  enzyme 
reactions,  this  visuaHzation  is  frequently  difficult  at  the  present  time  but  it 
should  be  more  and  more  realizable  as  progress  in  accurate  investigation 
is  made. 

It  is  clear  from  the  rough  picture  that  has  been  developed  of  the  enzyme 
complexes  and  the  possible  mechanisms  of  reaction  that  any  phase  of  the 
total  sequence  may  be  affected  by  modification  of  the  enzyme,  either  at  the 
active  center  or  at  some  distance  from  it.  The  effects  of  activators,  inhibi- 
tors, pH,  temperature,  ionic  strength,  and  similar  factors  should  be  inter- 
preted in  such  terms.  An  inhibitor  may  interfere  with  the  binding  of  the 
substrate,  this  being  the  most  common  assumption,  but  it  could  also  modify 
the  formation  of  any  of  the  subsequent  complexes,  hindering  the  necessary 
movements  of  electrons,  protons,  or  groups  either  directly  by  effects  exerted 
by  the  inhibitor  molecule  (electrical,  chemical,  or  steric)  or  indirectly  through 
the  protein  by  modifying  the  active  center  groups  involved  in  the  reaction, 
perhaps  by  increasing  or  decreasing  the  electron  or  proton  density  in  the 
critical  regions.  An  inhibitor  need  not  interfere  with  the  reaction  between 
two  substrates  to  retard  the  process;  in  transphosphorylation  or  transacety- 
lation  reactions,  for  example,  the  inhibitor  may  hinder  the  phosphorylation 
or  acetylation  of  the  enzyme  by  modification  of  the  acceptor  group  on  the 
active  center.  It  is  the  desire  to  present  a  comprehensive  concept  of  inhibitor 
action  that  has  prompted  us  to  discuss  in  some  detail  the  normal  phases  of 
the  enzyme  reaction  and  the  participation  of  the  active  center. 

FACTORS  DETERMINING  THE  RATE  OF  ENZYME  REACTIONS 

Inhibitors  of  the  simple  enzymes  reduce  the  rates  at  which  the  products 
are  formed.  It  will  facilitate  later  discussion  if  the  factors  that  determine 
these  rates  are  stated  clearly  and  briefly.  In  Michaelis-Menten  kinetics  and 
in  many  extensions  of  this  theory  the  rate  is  assumed  to  be  expressed  by 
V  =  Z^a  (ES).  The  over-all  rate  is  thus  dependent  on  two  basic  factors:  the 
concentration  of  the  complex  and  the  intrinsic  rate  at  which  the  complex 
breaks  down  into  the  products.  If  one  compares  the  rates  with  different 
substrates  and  a  single  enzyme,  variation  in  rates  may  be  due  to  different 
tightnesses  of  binding  (K^)  or  different  rates  of  breakdown  of  the  correspond- 
ing complexes  (A-.,).  It  is  not  necessary,  as  has  sometimes  been  assumed,  that 
any  parallelism  be  exhibited  between  the  affinities  of  the  enzyme  for  a  series 
of  substrates  and  the  rates  observed,  inasmuch  as  J1.2  can  vary  independently. 
Some  substances  may  be  bound  very  tightly  but  react  only  slowly;  in  fact, 
most  competitive  inhibitors  are  substances  binding  reasonably  tightly  to  the 
enzyme  but  for  which  k^  is  low  or  zero.  If  k^  remains  constant,  then  changes 
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in  binding  may  be  reflected  in  the  rate  since  the  concentration  of  complex 
(ES)  will  be  determined  by  this  affinity,  but  otherwise  no  necessary  rela- 
tionship may  be  assumed.  Thus  an  inhibitor  by  reducing  the  affinity  of  the 
enzyme  for  the  substrate  may  slow  the  reaction  by  reducing  (ES);  on  the 
other  hand,  it  may  retard  the  breakdown  of  the  complex,  with  or  without 
effect  on  K^.  A  reduction  in  the  maximal  rate  by  an  inhibitor  does  not,  of 
course,  reflect  a  decrease  in  k^  but  generally  a  reduction  in  total  concentra- 
tion of  enzyme  active  centers,  since  F,,,  =  h^i^i)',  an  increase  in  K^,^  does 
not  necessarily  imply  a  reduction  in  affinity  unless  it  is  certain  that  K^,^  = 
Kg.  Thus  the  usual  kinetic  analysis  is  not  adequate  generally  to  differentiate 
between  action  of  an  inhibitor  on  K^  or  k.^.  For  this  purpose  one  of  the  spe- 
cial methods  of  independently  determining  ko  or  K^  must  be  used  and  applied 
to  both  normal  and  inhibited  systems.  This  has  been  done  only  rarely. 
The  more  complex  the  reaction  and  the  more  steps  it  is  assumed  to  include, 
the  more  possibilities  exist  for  effects  upon  a  variety  of  rate  processes  and 
equilibria. 

The  binding  of  the  activated  complex  to  the  enzyme  must  also  be  consi- 
dered since  it  is  the  energy  and  entropy  of  activation  that  determines  the 
reaction  rate  constant.  Comparing  the  over-all  reactions: 

A  +  B  ^    AB*    ^  C  +  D 
A  +  B  +  E  ;^  EAB*  ^  E  +  C  +  D 

the  energy  contributed  by  the  binding  in  the  EAB*  complex  may  be  respon- 
sible for  the  reduction  in  activation  energy  and  the  accelerated  rate.  Thus 
the  possible  effects  of  inhibitors  on  this  binding  of  the  activated  complex 
must  be  considered,  the  inhibitor  in  this  case  raising  the  activation  energy. 


KINETICS  OF  SOME  COMPLEX   ENZYME    REACTION   TYPES 

The  purpose  in  presenting  several  more  complex,  but  commonly  observed, 
types  of  reaction  is,  first,  to  provide  kinetic  rate  equations  that  may  be 
applied  later  in  discussing  the  effects  of  inhibitors  and,  second,  to  emphasize 
the  manifold  possibilities  in  enzyme  reactions  in  order  to  help  disj^erse 
whatever  illusions  the  reader  may  have  concerning  the  uniformity  of  enzyme 
mechanisms  and  kinetics.  Special  and  unique  reactions  will  be  dealt  with 
in  those  chapters  where  the  kinetics  will  be  pertinent  to  inhibition. 

General   Procedure   For  Derivation  of  Rate   Equations 

Rate  equations  for  any  type  of  reaction  —  including  those  involving 
activators,  coenzymes,  hydrogen  ions,  inhibitors,  multiple  substrates,  or 
interdependent   active   centers    —    may   be   derived    assuming   a    steady 
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state  wherein  the  concentrations  of  all  complexes  remain  constant.  Although 
this  derivation  is  often  more  laborious  than  the  equilibrium  procedure,  it 
provides  constants  which  are  of  general  validity  since  equilibrium  conditions 
are  not  assumed. 

First  step:  \\Tite  out  the  equations  for  all  the  reactions  that  can  occur 
in  the  system  and  assign  rate  constants  to  each  forward  and  backward  step. 

Second  step:  write  the  equation  giving  the  over-all  rate  in  terms  of  the 
appropriate  complex  or  complexes,  e.g.  v  —  A:y(EX,). 

Third  step:  write  the  equation  expressing  the  total  enzyme  concentration 
in  terms  of  all  the  molecular  species  containing  the  enzyme,  e.g., 

(E,)  =  (E)  ^  (EXi)  ^  (EX,)  +  ...  -  (EX„) 

If  the  free  concentrations  of  any  other  components  of  the  system  are  ap- 
preciably less  than  the  total  concentrations,  due  to  complex  formation, 
similar  equations  for  these   components  should  be   written. 

Fourth  step:  write  the  steady-state  equation  for  each  complex  in  terms  of 
the  appropriate  rate  constants  and  concentrations,  including  all  reactions 
whereby  the  complex  is  formed  or  broken  down,  and  set  the  over-all  rate 
equal  to  zero  since  the  complex  concentration  is  constant,  e.g., 

^^^^^    =  kMQ  +  A-_ J_,(C)  +  ...  -  k.J_,{C)  -  kMO  -  ...  =  0 


dt 

where  /(C)  represents  the  concentrations  pertinent  to  each  reaction. 

Fifth  step:  these  steady-state  equations  in  conjunction  with  the  equations 
from  step  3  provide  a  set  of  equations  which  may  be  solved  for  the  concen- 
tration of  the  rate-determining  complex  (EX^)  and  this  expression  can 
be  substituted  in  the  equation  from  step  2. 

Sixth  step:  if  desired,  the  expression  for  the  maximal  rate  (F^)  may  be 
determined  by  evaluating  v  at  high  substrate  concentration  and  V,„  in- 
serted into  the  rate  equation  from  step  5. 

The  resulting  rate  equation  may  be  modified  by  substitution  of  dissocia- 
tion constants  for  the  corresponding  ratios  of  rate  constants  or  by  combina- 
tion of  rate  constants  into  single  constants  to  facilitate  interpretation. 
Many  equations  derived  in  this  manner  are  complex  and  unwieldy  but  oc- 
casionally some  simplification  can  be  introduced  by  assuming  appropriate 
relative  values  for  the  rate  constants  or  concentrations  of  the  substances 
involved,  giving  special  cases  that  may  be  applicable  under  certain  experi- 
mental conditions. 
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The  Substrate  Is  Not  Immediately  Available  to  the  Enzyme 

When  the  substrate  used  must  penetrate  a  barrier  to  reach  the  enzyme 
(such  barriers  may  occur  in  enzyme  aggregates,  or  in  mitochondrial  and 
cell  membranes)  or  requires  chemical  modification  before  it  will  react  with 
the  enzyme,  the  following  equations  describe  the  situation: 

S  ;4  S'  (2-23) 

nJ_0 

S'  +  E  ;=±  ES'  -1  E  +  P  (2-24) 

Four  possible  cases  may  be  considered. 

(I)  Case  1.  The  formation  of  S'  from  S  is  very  slow  and  limits  the  over- 
all rate.  If  S'  reacts  as  rapidly  as  it  appears  or  if  k_Q  is  zero: 

V  =  US)  (2-25) 

and  the  kinetics  are  not  related  to  the  enzyme  reaction. 

(II)  Case  2.  The  formation  of  S'  limits  the  over-all  rate  but  the  back 
reaction  of  S'  ->  S  cannot  be  ignored,  in  which  case  v  =  ^o(S)  —  k_o{S'). 
This  reduces  to  v  =  A'o[(S)  —  (S')]  if  ko  is  a  permeability  constant  and 
diffusion  occurs  at  equal  rates  in  both  directions.  Best  (1955  a)  has  equated 
this  rate  to  the  enzyme  rate  inside  the  barrier  to  give: 

V  =  F„.  -  ,,   ,  t^:      ,  (2-26) 

(A'o/f)  (S)  -  1 

where  F„,  is  the  maximal  rate  of  the  enzyme  reaction,  and  has  used  this 
equation  to  obtain  permeability  constants  for  glucose  and  sucrose  in  yeast, 
but  it  is  doubtful  if  this  relationship  holds  except  under  very  limited  con- 
ditions. 

(III)  Case  3.  The  enzyme  reaction  limits  the  over-all  rate  in  which  case 
iS')  is  in  complete  equilibrium  with  (S)  and  (S')  =  (S)/^'  where  K'  =  k_olko. 
This  value  of  (S')  may  be  substituted  in  the  Michaelis  equation  to  give: 

VJS')  VJ8)  ^2.27) 


(S')  +  K,„       (S)  +  K'K,„ 

so  that  in  this  case  the  determined  Michaelis  constant  is  not  the  true  K^ 
for  the  enzyme  reaction,  a  fact  of  possible  importance  when  such  constants 
are  determined  in  complex  systems  where  the  concentration  of  substrate 
inside  the  barrier  is  not  necessarily  the  same  as  outside. 
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(IV)  Case  4.  The  over-all  rate  depends  primarily  on  the  enzyme  reaction 
but  the  rate  of  formation  of  S'  is  near  enough  to  A;2(ES')  to  exert  an  effect. 
A  steady-state  treatment  putting  f7(S')/f?^  =  cl{ES)ldt  =  0  gives  the  follow- 
ing general  equation: 

F,„(S) 


(S)  +(1/A-J(F«  -V)  +K'K„ 


(2-28) 


where  K'  =  ^_o/^'o  ^^^cl  K„,  =  (Jc_i  +  J^2)l^v  This  equation  is  similar,  but 
not  identical,  to  that  of  Lineweaver  and  Burk  (1934)  who  did  not  include 
the  back  reaction  from  S'  ->  S.  They  showed  how  the  constants  may  be 
graphically  evaluated  by  varying  7„,  in  certain  ways. 

When  diffusion  of  substrate  occurs  through  a  membrane  into  a  spherical 
or  cylindrical  region,  additional  complications  arise  due  to  the  relations 
between  volume  and  membrane  area,  as  well  as  to  possible  lack  of  homo- 
geneity in  the  system,  and  the  rate  equations  are  quite  complex  (Blum, 
1956).  Blum  and  Jenden  (1957)  have  treated  the  situation  where  the  con- 
centration of  substrate  decreases  with  increasing  distance  from  the  boun- 
dary membrane  due  to  utilization  of  the  substrate  by  an  homogeneously 
distributed  enzyme.  It  is  interesting  that  inhibitors  competing  with  the 
substrate  in  such  a  system  would  inhibit  to  different  degrees  in  various 
regions,  the  over-all  inhibition  being  greater  than  expected  from  the  exter- 
nal concentration  of  substrate  and  the  kinetics  of  the  isolated  enzyme. 

The  Concentration  of  Enzyme  Is  Greater  Than  That  of  the  Substrate 

This  situation  is  rare  in  studies  on  isolated  enzymes  but  intracellularly 
may  be  predominant  over  systems  operating  according  to  classic  kinetics. 
For  the  present  only  the  extreme  case  where  (S,)  is  so  low  that  (E)  =  (E^) 
will  be  considered;  a  more  general  treatment  will  be  given  in  the  next  chap- 
ter. One  may  now  put  (S^)  =  (S)  +  (ES)  and  the  resulting  rate  equation  is: 

where  K,„  =  {l:_i-^k2)lki.  This  expression  is  seen  to  be  identical  in  form 
to  Eq.  2-11  except  that  the  rate  is  now  linear  with  (S,)  and  hyperbolic  with 
respect  to  (E^);  ^■2(E,)  is  not  equated  with  F,„  since  under  the  conditions 
assumed  the  rate  will  not  become  maximal  upon  increasing  (S^).  The  recip- 
rocal equation: 

1  1  Km 

V  k,(&,)    ^A:,(E,)(S,) 

shows  that  if  Ijv  is  plotted  against  1/(S^),  a  straight  line  that  would  pass 
througlj  the  origin  would  be  obtained  but  from  which  no  constants  may  be 
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determined;  however,  if  1/v  is  plotted  against  1/(E^),  even  though  the  ab- 
solute enzyme  concentrations  are  not  known,  both  k^  and  ^„,  may  be  eval- 
uated. Inhibition  of  such  systems  presents  interesting  possibilities  to  be 
applied  to  intracellular  studies. 


J 


The   Enzyme   Contains  Two   Interdependent   Active   Centers 

An  enzyme  may  possess  two  active  centers  that  are  sufficiently  close  to- 
gether so  that  binding  of  substrate  to  one  site  will  affect  the  properties  of 
the  other  site,  altering  either  the  affinity  for  the  substrate  {K^)  or  the  rate 
of  breakdown  of  the  ES  complex  {k^.  The  reactions  may  be  written: 


(2-31] 


E 

+ 

ES 

h 

E  4 

ES 

+ 

s  ^ 

SES 

PK 

ES 

(2-32) 


where  /?  characterizes  any  change  in  rate  of  ES  breakdown  brought  about  by 
binding  of  one  substrate  molecule.  Actually  SES  could  break  down  with 
respect  to  either  substrate  molecule  (forming  ES+P  or  SE-fP)  but  the 
rates  are  identical  for  each  reaction  and  we  assume  that  the  probability  of 
both  substrate  molecules  being  involved  simultaneously  is  negligible  (i.e., 
the  reaction  SES  —^  E-f2P  is  ignored).  One  can  now  write: 


(Z(ES) 

Jt 
(Z(SES) 

dt 


(E,)  =  (E)  +  (ES)  +  (SES)  (2-33) 

A;i(S)(E)  -  A'_i(ES)  -  A:,(ES)  =  0  (2-34) 

A:3(ES)(S)  -  A:_3(SES)  -  iSA-2(SES)  =  0  (2-35) 

V  =  /^^(ES)  +  i3A;2(SES)  (2-36) 


From  these  the  following  general  rate  expression  may  be  derived: 

[1  +  WS)/g„'](S) 

"  =  ^"  (S)  +  if,,,  +  (S)./if./  <'-«" 

where  K„^  =  {k_]^  +  k2)lk-i^  and  KJ  =  {k_^^j3  hi)lk^,  these  being  the  Mi- 
chaelis  constants  for  Eqs.  2-31  and  2-32,  respectively.  If  one  now  assumes 
that  the  ^,„'s  are  dissociation  constants  and  that  KJ  =  aKg. 

""        '™(S)-f«A^  +  «AV/(S)  ^        ^ 

where  a  characterizes  any  change  in  K^  induced  by  the  binding  of  one  sub- 
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strate  molecule  (e.g.  if  «  >  1,  the  affinity  for  the  second  substrate  mole- 
cule is  less  than  for  the  first).  If  a  is  very  high,  the  equation  becomes  the 
classic  Michaelis  Eq.  2-7,  because  the  second  substrate  will  be  bound  to  a 
very  small  extent: 

K,  +  ^(S)/a  «>1      ^^         (S) 


F„ 


(S)/c/  -f  A',  +  A%V(S) 


(S)  +  K, 


(2-39) 


If  a  =  1  (no  effect  on  affinity)  and  /5  =  0  (reaction  2-32  does  not  occur) 

the  equation  becomes: 

(S) 

(2-40) 


=  F„ 


(S)  +  A,  -^  (S)VA, 


_whichj-epresents  one  tj^e^^f^substxate  ji^ihibition^, since  at  high  (S)  most 
of  the  enzyme  will  be  in  the  form  SES  and  this  is  inactive.  If  «  =  /?  =  1, 
no  effect  of  the  first  substrate  molecule  on  the  binding  or  reaction  of  the 
second  occurring,  it  may  be  noticed  that  the  kinetics  deviate  from  the  sim- 
ple Michaelis  equation  when  (S)  is  near  K^  but  follow  the  Michaelis  equation 
when  (S)  is  greater  than  approximately  5^,.  The  explanation  of  this  devia- 
tion can  be  made  as  follows:  (ES)-r(SES)  will  not  be  equal  to  the  value  of 
(ES)  when  a  single  substrate  only  is  involved  and  hence  the  rate  of  for- 
mation of  P  will  differ  from  the  simple  case.  When  (S)  =  K^,  then  (ES)/(E^) 
=  1/2  for  the  simple  one  substrate  reaction,  but  [(ES)  ^  (SES)]/(E^)  =  2/3, 
for  the  reaction  with  two  substrate  molecules,  the  rate  for  the  latter  being 
greater  than  if  only  one  substrate  molecule  reacts.  Equation  2-39  is  plotted 
in  Fig.  2-6  to  illustrate  the  effects  of  variations  in  u  and  /?. 


lOOmM 


Fig.  2-6.  Plots  of  Eq.  2-39  for  different  values  of  or  and  /5.  A'^  =  0.3  mil/  and  F„  = 

100.  Curve  1:  «  =  1,  ^  =  1;  curve  2:  «  =  CC,  ^3  =  1;  curve  3:  a  =  10,  /3  =  1;  curve  4: 

a.  =  0.5,  /3  =  1;  curve  5:  «  =  1,  /3  =  0.2;  curve  6:  «  =  1,  /3  =:  2;  curve  7:  a  =  0.5, 

^  =:  2,  curve  8:  «  =  10,  /3  =  0.2. 
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It  is  difficult  to  determine  the  constants  a,  /?,  and  A",  from  experimental 
data  or  even  to  prove  that  the  mechanism  is  that  given  by  Eq.  2-31  and  2-32 
since  other  types  of  reaction  can  also  lead  to  similar  non-linearity  in  the 
reciprocal  plots  of  Ijv    against  1/(S)  (Fig.  2-7).  For  example,  the  kinetics 
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Fig.  2-7.  Reciprocal  plots  for  the  curves  shown  in  Fig.  2-6. 


of  urease  indicated  two  active  centers,  but  whether  these  were  interacting 
sites  or  independent  sites  with  different  kinetic  parameters  could  not  be 
established  (Kistiakowsky  and  Rosenberg,  1952).  However,  it  is  seen  from 
the  reciprocal  equation  of  2-39  with  /?  =  1: 


+ 


aK 


1 


F,„    aK,{S)  +  (S)^ 


(2-41) 


that  if  llv  is  plotted  against  1/(S)-,  the  slope  near  the  1/?'  axis  (where  sub- 
strate concentration  is  high)  is  a  K^^"IV„i  and  the  intercept  1/F,„.  Since 
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a  K^  =  a  K,{K,)  =  KJK^,  the  value  of  \/aK^^  will  give  only  a  mean 
value  for  the  dissociation  constant.  In  the  case  of  two  independent  sites  with 
different  parameters,   where: 

+  ,c^.  T.  (2-42) 


(S)  +  A%       (S)  +  aK, 

a  plot  of  1/v  against  1/(S)  will  give  a  similarly  shaped  curve  but  the  slope 
will  approach  zero  near  the  \jv  axis  and  approach  [al{\-{-a)^  {KJV^^)  at 
low  values  of  (S)  where  the  curve  for  interacting  sites  would  have  a  slope 
of  KJV„^.  It  is  evident  that  the  complexities  become  greater  if  more  than 
two  interacting  active  centers  occur  on  the  enzyme. 

Two   Different  Substrates  Are  Involved   in  the   Reaction 

One  of  the  most  serious  limitations  of  the  Michaelis-Menten  theory  is 
that  it  assumes  only  one  substrate  enters  into  the  reaction,  whereas  the 
majority  of  enzyme  reactions  involve  two  or  more  substrates.  The  common 
reactions  involving  two  substrates  fall  into  three  categories: 

A  +  B  ;^  AB  (2-4.3) 

A  +  B  ^  A  +  C  (2-44) 

A  +  B  ;z^  ('  +  D  (2-45) 

but  kinetically  they  may  all  be  treated  in  a  similar  manner.  Reaction  2-43 
represents  an  addition  reaction;  reaction  2-44  represents  the  situation  where 
an  activator  is  necessary;  and  reaction  2-45  represents  transfer  of  groups 
between  substrates.  Most  enzyme  reactions  are  probably  of  type  2-45 
inasmuch  as  this  includes  all  reactions  of  group  transfer: 

A-X  +  B^A  +  B-X  (2-46) 

where  X  may  be  hydrogen  atoms  as  in  oxidation-reduction,  or  chemical 
groups  as  in  transmethylation,  transamination,  or  transacylation,  or  that 
part  of  the  substrate  that  is  transferred  to  the  hydroxyl  group  of  water  in 
hydrolytic  reactions.  It  has  been  estimated  that  such  transfer  reactions  may 
include  over  90%  of  all  enzyme  reactions  (Dixon  and  Webb,  1958,  p.  184). 
All  two-substrate  reactions  may  he  divided  into  two  general  categories:  in 
the  first,  only  one  of  the  substrates  forms  an  ES  complex  with  the  enzyme 
and  the  second  substrate  reacts  directly  with  this,  whereas  in  the  second, 
both  substrates  form  complexes  with  the  enzyme  and,  these  being  adjacent, 
formation  of  the  products  occurs  within  this  ternary  complex. 
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(a)  Only  One  Substrate  Forms  a  Complex  With  the  Enzyme.  When  B 
reacts  directly  with  the  EA  complex  to  form  the  products  immediately, 
one  may  write: 

E  +  A  ^  EA  (2-47) 

EA  +  b4e+C+D  (2-48) 

The  rate  equation  is  found  to  be: 

'^^^'^^^^^^^  ^F.-, j^^^^L,     ,  (2-49) 


(A)  +  [k_,  +  h{B)]lk,  (A)  +  K^+  ihlk.HB) 

where  F^;  is  the  maximal  rate  with  respect  to  A  and  K^^  is  the  dissociation 
constant  of  the  EA  complex.  The  expression  is  similar  to  the  classic  Mi- 
chaelis-Menten  formulation  but  both  the  maximal  rate  and  the  Michaelis 
constant  now  depend  on  the  concentration  of  B.  Since  the  reciprocal  equa- 
tion is: 


11  1 

V  =  YjBf  ^  t;:('a)" 


(B)    "^   k. 


(2-50) 


plots  of  Ijv  against  1/(A)  at  different  concentrations  of  B  will  often  allow 
evaluation  of  the  constants. 

If  one  of  the  products  forms  a  complex  with  the  enzyme,  there  are  two 
binary  complexes  involved  and  the  reactions  may  be  written  as: 


(2-51) 


(2-52) 

(2-53) 

The  steps  wherein  products  are  formed  are  written  in  the  forward  direction 
only  because  we  are  considering  initial  rates  before  the  products  have  ac- 
cumulated sufficiently  to  make  the  back  reactions  significant.  The  rate 
equation  is  found  to  be: 

.  ^  F. ^^15) (2-54) 

(A)  +K^+  K-{B)  +  K"{A){B) 

where  V„,  =  k^iE/),  K^  =  k_^jk^,  K'  =  kjk-^,  and  K"  =  k^jk.^.  This  is  iden- 
tical to  Eq.  2-49  except  for  the  additional  term  for  (A)(B)  in  the  denomina- 
tor, which  alters  the  intercept  but  not  the  slope  in  the  reciprocal  plots. 


k, 

E 

+  A 

klx 

EA 

EA 

+  B 

h 

EC  +D 

EC 

k. 

E  +  C 

KINETICS  OF  COMPLEX  ENZYME  REACTION  TYPES 


41 


When  a  ternary  EAB  complex  is  formed,  in  which  B  is  not  necessarily 
attached  to  the  enzyme,  one  can  wi-ite: 


E  +  A  ^  EA 

EA  +  B  ^  EAB  -^  EC  -  D 

k_. 

EC  ^  E  +  C 


(2-55) 
(2-56) 

(2-57) 


and  the  rate  equation  is  the  same  as  Eq.  2-54  with  V,„  =  k.2k3{Yij)!{k_2- 
K'  =  ^2^3/^1(^-2+^3)'  and  K"  =  k2{k3-\-k,)lk,{k_2+h). 

It  is  obvious  that  these  three  mechanisms  cannot  be  distinguished  by 
the  usual  kinetic  analysis  and  although  it  is  often  possible  to  evaluate  the 
general  constants,  one  is  seldom  able  to  interpret  them  in  terms  of  rate 
constants  or  demonstrate  a  particular  mechanism  with  certainty. 

(b)  Both  Substrates  Form  Complexes  With  The  Enzyme.  The  most 
general  situation  is  where  both  substrates  can  form  separate  complexes 
with  the  enzyme  and  a  ternary  EAB  complex  is  formed  by  either  order 
of  addition  of  the  substrates: 


EA 


EAB 


E  +   C  +   D 


(2-58) 


The  steady-state  treatment  leads  to  a  complex  rate  expression  with  nu- 
merous constants,  each  a  function  of  several  rate  constants,  which  is  not 
of  the  Michaelis-Menten  form  and  does  not  give  a  linear  reciprocal  plot: 


V  =  


(A)  ^""^   (B)  +'''   (B) 


K,  +^  ^A%(A)-^A'io(B)^/C„-— -- 

8       ^_^^  9V  (A)(B) 


(2-59) 


where  the  constants  have  the  following  values: 

Ki     =  kik^skik^i^Eit)  -t-  k.iksktk-^iFit) 
K,     =  kM-ok.CEt) 
K3     =   kskikik^iYif) 
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/i  7         =     Ki\KnK_2    ~r    K,\knKf, 

-'i  10     ^    K^kiki 

Kii   =  k_ik_Jc_i  +  k_ik_3k^2  +  k^ik.sk^ 

adapted  from  Dixon  and  Webb  (1958,  p.  99).  This  expression  is  presented 
here  complete  to  emphasize  the  complexity  of  the  general  treatment  of 
what  is,  probably,  the  most  common  reaction  mechanism.  It  is  clear  why 
the  majority  of  ^„/s  determined  from  simple  reciprocal  plots  bear  no  ne- 
cessary relationship  to  dissociation  constants.  Of  course,  many  assumptions 
and  simplifications  may  be  introduced,  but  agreement  of  the  resulting  equa- 
tion with  the  experimental  data  does  not  prove  the  particular  mechanism 
assumed.  One  of  the  most  common  assumptions  is  that  the  concentrations 
of  the  complexes  are  determined  by  the  usual  equilibria,  in  which  case  the 
rate  equation  reduces  to: 

.  =  F. ^-^^ (2-60) 

"^  (A)(B)  +  ^3'(A)  +  K,'{B)  +  K,K,' 

where  K^  =  (E)(A)/(EA),  Kj,'  =  (EB)(A)/(EAB)  and  K^'  =  (EA)(B)/ 
(EAB),  this  applying  to  cases  where  binding  of  one  substrate  alters  the 
binding  of  the  second  substrate.  If  the  binding  is  independent  (K)^'  =  Kj^ 
and  K^  =  K^),  the  following  rate  equation  is  obtained  and  this  has  been 
frequently  applied  to  enzymic  transfer  reactions: 

,  .  F    ^-^^ (2-61) 

"  [(A)  +  X,]  [(B)  +  XJ 


It  is  seen  from  the  reciprocal  equation: 


1     _     1 


1+^1+  ^' 


(B)  VJA) 


1  + 


(B) 


(2-62) 


that  if  \jv  is  plotted  against  1/(A),  both  the  intercept  and  the  slope  will 
be  changed  by  the  factor  1-f  ^^/(B)  compared  to  the  case  where  A  is  the 
only  substrate;  thus  the  determined  ii,,,  is  dependent  on  the  concentration 
of  the  other  substrate  or  coenzyme.  However,  by  varying  both  (A)  and  (B), 
it  is  possible  to  determine  the  constants;  for  example,  as  (B)  increases,  the 
Ky„  for  A  will  decrease  and  will  approach  Kp^. 

The  most  complete  analysis  of  the  kinetics  of  reactions  involving  coen- 
zymes has  been  given  by  Alberty  (1958).  Following  Dalziel  (1957),  he  showed 
that  all  enzyme  reactions  in  which  two  substrates  (or  a  substrate  and  a 
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coenzyme)  participate,  whatever  the  order  or  mechanism  of  complex  for- 
mation, follow  rate  expressions  of  the  general  type: 

=  9^0  +  -T-rr  +   TFTT  + 


«  (A)         (B)         (A)(B) 

where  (A)  and  (B)  are  the  concentrations  of  the  two  substrates  and  the  9?'s 
are  parameters  which  involve  the  rate  constants  and  can  be  determined  by 
the  proper  methods  of  plotting.  This  equation  is  equivalent  to: 

,r  (A)(B) 


-Fu  +  <P2{A)  +  <fAB)  +  gPo(A)(B) 
with  which  the  above  expressions  are  seen  to  correspond. 

The  Solvent  Participates  in  the  Reaction 

The  role  of  water  in  enzyme  reactions  is  frequently  ignored.  However, 
without  directly  entering  into  the  reaction,  water  can  contribute  to  the  value 
of  the  Michaelis  constant  or  substrate  constant.  The  enzyme  active  center 
and  the  substrate  may  be  hydrated  and  reaction  between  them  to  form  the 
ES  complex  may  involve  displacement  of  water,  according  to  the  following 
equation: 

E-W  +  S-W  ;^  ES  +  W-W  (2-63) 

The  substrate  constant,  therefore,  does  not  relate  only  to  the  affinity  of 
the  enzyme  for  the  substrate  but  includes  the  relative  affinities  of  both 
for  water,  as  pointed  out  by  Laurence  (1955). 

In  hydrolytic  reactions,  water  is  one  of  the  substrates  but  terms  for  it 
are  usually  omitted  from  the  kinetic  equations  because  its  concentration  is 
generally  constant  and  very  high.  From  Eq.  2-61,  if  B  is  water  it  is  seen  that 
the  usual  Michaelis-Menten  expression  is  obtained  sinc«  (H2O)  ^  -K^HoO  ^^ 
an  E-H.2O  complex  exists.  It  is  generally  not  known  if  a  site  exists  on  the 
enzyme  for  the  binding  of  the  water  that  enters  hydrolytic  reactions.  It 
is  known  that  the  rate  with  /?-fructofuranosidase  is  a  function  of  the  water 
concentration  when  this  is  altered  by  high  concentrations  of  sucrose  or  al- 
cohol (Nelson  and  Schubert,  1928)  and  a  water-site  on  urease  has  been 
postulated  to  explain  the  inhibition  by  excess  substrate  (Laidler  and  Hoare, 
1949).  Two  active  centers  were  assumed  to  occur  on  urease,  one  for  urea 
and  one  for  water,  and  reaction  occurs  when  the  ternary  complex  is  formed; 
however,  urea  can  also  compete  with  the  water  for  the  water-site,  although 
such  a  complex  is  catalytically  inactive.  The  rate  expression  derived  for 
this  situation  was: 

kKdE.m  ,.  (S)  ^_^^ 


K,K,  +  {K,  +  A%)(S)  4-  (S)^  "  (S)  +  K„,  4-  (S)V(A\  +  A%) 


44  2.    THE    KINETICS    OF    ENZYME    REACTIONS 

where  k  is  the  rate  constant  for  the  formation  of  products  from  the  complex, 
Ki  and  K2  are  dissociation  constants  for  the  complexes  of  substrate  with 
its  own  site  and  the  water-site  respectively,  F,„  =  k(Ei)  ^2/(^i+-^2)  ^^^ 
K^  =  Ky  K^liK^+K^.  Such  a  mechanism  leads  to  inhibition  at  high  sub- 
strate concentrations  since  both  sites  are  predominantly  occupied  by  urea, 
and  water  cannot  enter  into  the  reaction.  Equation  2-64  is  plotted  in  Fig.  2-8 
to  illustrate  how  relative  values  of  the  ^'s  affect  the  dependence  of  the  rate 
on  the  substrate  concentration.  The  degree  of  inhibition  increases,  of  course, 
with  the  increasing  affinity  of  the  water-site  for  the  urea. 


lOOOmM 


Fig.  2-8.  Rate  plots  for  an  enzyme  reaction  involving  two  substrates,  one  of  which 
is  the  solvent  (Eq.  2-64).  F,„  =  100.  Curve  1:  i^i  =  1  mM,  K^  =  OO;  curve  2:  Xi  =  1 
mM,  K^  =  100  mil/;  curve  3:  A'l  =  1   mM,  K^  =  10  mM;  curve  4:   Ky  =  1   mM, 

K,  =  1   mM. 


The  most  direct  evidence  for  a  specific  water-site  has  come  from  a  study 
of  myosin  ATPase  where  the  activity  of  water  relative  to  methanol  in 
the  splitting  of  adenosine  triphosphate  (ATP)  is  perhaps  greater  than  1000. 
Since  the  activities  in  non-enzymic  splitting  are  comparable,  it  is  possible 
that  an  active  center  capable  of  binding  water  much  more  tightly  than 
methanol  exists  on  this  enzyme;  however,  other  explanations,  such  as  a 
site  for  hydrated  ATP,  are  tenable  (Koshland  and  Herr,  1957).  The  general 
importance  of  a  specific  water-site  for  inhibition  kinetics  lies  in  the  possi- 
bility that  certain  inhibitors  affect  or  compete  for  this  site  instead  of  the 
site  binding  the  ordinarily  considered  substrate. 

When  water  enters  into  a  hydrolytic  reaction  sequence,  it  is  necessary 
to  include  it  in  the  kinetic  expressions.  For  example,  in  the  reactions  pos- 
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tulated  for  acetylcholinesterase  (Wilson  and  Cabib,   1956): 


EH  +  S  —  EHS  -^  ES'  -  ROH 

(2-65) 

^•3 
ES'  +  H,0  ^  EH  +  CH3COOH 

(2-66) 

the  rate  equation  was  found  to  be  of  the  Michaelis  form  2-11  with  F,„  = 
^2^'3/(^'2+^'3)  and  K„,  =  k^{Jc_i^k2)lki{k.2^k^),  i.e.,  the  classic  V„,  and  Z,„ 
are  each  altered  by  the  factor  ^3/(^'2+^'3)-  The  constants  for  this  reaction 
thus  depend  on  the  rate  constant  for  the  water  reaction  and  an  inhibitor 
could  thus  modify  both  F,,,  and  iC,,,  without  interfering  with  the  substrate 
acetylcholine  in  any  way. 

The   Enzyme   Reaction    Involves   an   Activator 

An  activator  is  a  substance,  usually  inorganic,  that  is  not  chemically 
altered  in  the  reaction  but.  by  its  presence,  increases  the  rate  of  the  enzyme 
catalysis.  In  many  cases  the  activator  probably  functions  by  participating 
in  the  binding  of  the  substrates  to  the  enzyme  or  by  the  stabilization  of 
one  or  more  of  the  complexes  involved  in  the  reaction  sequence.  In  the 
simple  situation  where  the  presence  of  the  activator  on  the  enzyme  is  nec- 
essary for  binding  and  reaction  of  the  substrate: 

E  ^  A  ;^'  EA  (2-67) 

^•-3 

^1  k 

EA  -f  S  ;:±  EAS  -4  EA  4-  P  (2-68) 

where  A  is  the  activator  and  S  is  the  substrate,  the  rate  equation  is: 

"^  (A)(S)  +  KJA)  +  K^K„  '"  (S)  +  K,„[l  ^  KJ{X)]        ^      ^ 

with  K^=  A-_3/A-3,  K„i^  {k_i-rk^'ki,  and  7„,  the  rate  when  all  the  enzyme 
is  in  the  form  EAS.  It  is  interesting  that  the  Michaelis  constant  determined 
experimentally  by  reciprocal  plotting  depends  on  the  activator  concentra- 
tion. In  an  enzyme  preparation  with  an  unrecognized  activator  (which  may 
have  been  separated  with  the  enzyme  from  the  tissue  or  added  in  the  reac- 
tion medium,  and  which  may  be  present  in  variable  concentration  under 
different  conditions),  the  Michaelis  constant  may  vary  unexpectedly.  It 
is  also  evident  that  an  inhibitor  could  slow  the  rate  by  increasing  either 
K,  or  K„. 
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If  the  substrate  can  bind  to  the  enzyme  in  the  absence  of  the  activator 
(although  the  complex  is  not  reactive)  but  the  activator  increases  the  affinity 
of  the  enzyme  for  the  substrate,  one  may  write: 


A'    _    EA       aK, 
E  ^    EAS  ^  EA  +  P 

K,        ES  aK„ 


(2-70) 


where  a  represents  the  change  in  substrate  binding  caused  by  the  activator. 
Assuming  equilibrium  concentrations  of  the  complexes  for  simplicity,  the 
rate  equation  is  found  to  be: 


V  =  V„ 


(A)(S) 


(A)(S)  +  a[K,K,  +  K,{A)  +  K„{S)] 


=  VJ 


(S) 


(S)  +  K„ 


(2-71) 


where  7,„  =  ^E,),  VJ  =  ^(E,)(A)/[(A)+a  K,],  and  K,,  =  K,a  [(A)+ZJ/ 
[(A)+«  K,j].  If  Of  =  1,  the  rate  equation  simplifies  to: 


F. 


(A) 


(A)  +  K, 


(S) 


(S)  -f  K, 


(2-72) 


which  is  similar  in  form  to  Eq.  2-61  for  transfer  reactions.  It  is  clear  that  of- 
ten the  kinetics  of  activator-dependent  and  two-substrate  reactions  will 
be  very  similar.  However,  generally  «  <  1  if  A  does  facilitate  the  binding 
of  S;  in  the  case  of  renal  alkaline  phosphatase,  activated  by  Zn++,  a  was 
found  to  be  about  0.1  (Gryder  et  al.,  1955). 

In  the  more  general  situation  where  the  activator  is  not  necessary  for 
the  reaction  but  accelerates  it  and  where  the  activator  can  either  modify 
the  substrate  binding  or  the  rate  of  breakdown  of  the  EAS  complex  relative 
to  the  ES  complex: 


^k 


EAS 


E  +   P 


^    EA  +    P 


(2-73) 


and  V  =  X-(ES)+/5  ^(EAS).  The  rate  equation  can  be  written  in  a  Michaelis- 
Menten  form  with  F„,  =  A;(E,)  [/5(A)+a  ^J/[(A)-f  a  ^J  and  K,„  = 
a  Kg  [(A)+^„]/[(A)+«  K^'].  Several  special  cases  can  be  derived  from  this 
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general  formulation,  assuming  appropriate  relative  concentrations  and  con- 
stants. One  type  of  activation  not  included  is  that  in  which  the  activator 
combines  with  the  substrate  instead  of  the  enzyme;  the  rate  equations  are 
complex  and  are  discussed  in  some  detail  by  Dixon  and  Webb  (1958  p.  459). 

Reactions  in  Which  the  Enzyme  Undergoes  a  Cyclic  Change 

There  are  important  reactions  in  which  the  enzyme  is  altered  in  one  phase 
of  the  cycle  and  must  be  regenerated  during  another  phase  in  order  that 
the  process  proceed;  oxidation-reduction  reactions  in  which  the  enzyme, 
or  a  prosthetic  group,  is  alternately  in  the  oxidized  and  reduced  states  would 
be  of  this  type. 

EA  E  +    A  -     ^   ,    EA ^E'  +   C 

c  *-i  c^-'-t) 


E'E""  E'+   R   ■  ,    F/R ^E  +   D 

The  rate  equation  is  of  the  type: 

.  =  F. ^^^ (2-76) 

""  (A)(B)  ^  A',(B)  -  K^(X) 

where  T^,,,  =  kJc^i'E^^'i'k.^+ki),  Ks,  =  ki{lc_-^-rk2)''ki{h.2+hi),  and  K^  = 
k.2ik_3-[-ki)'k3{k2+ki).  AVith  respect  to  one  substrate  this  may  be  rewritten: 

where  7„/  =  7,„  (B)/[(B)+Zb]  and  K„  =  Kj^^li^^K^-  Such  reac- 
tions thus  conform  to  the  Michaelis-Menten  formulation  but  the  constants 
are  complex  and  depend  on  the  substance  restoring  the  enzyme  to  its  ori- 
ginal condition. 

The  over-all  equation  for  the  above  reactions  is: 

A  +  B  ^  C  +  D 

and  is  a  transfer  with  the  enzyme  functioning  as  a  carrier.  In  some  cases 
the  same  substrate  may  participate  in  both  reactions  and  the  result  is  a 
dismutation: 

2  A  ii±  C  +  D 
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for  which  the  rate  equation  may  be  obtained  by  setting  (A)  =  (B): 

(A)  +  Z,„ 

where  F,,,  is  the  same  as  in  Eq.  2-76  and  K,,,  —  K j^  +  K^^.  It  is  worth  noting 
that  whereas  from  the  over-all  equation  one  might  expect  (A)^  in  the  rate 
equation,  this  is  not  so  if  the  two  molecules  of  substrate  react  sequentially. 

Enzymic    Reactions    of   Greater    Complexity 

The  few  reaction  mechanisms  discussed  above  do  not  by  any  means  ex- 
haust the  possibilities  of  intricate  patterns  in  enzyme  catalysis.  Many  en- 
zymes involve  three  or  more  reacting  components  in  their  mechanisms  (e.g., 
a  substrate,  a  coenzyme,  and  ATP)  or  catalyze  several  individual  reactions 
on  their  surfaces  before  the  product  of  interest  is  produced.  The  success  of 
a  simple  kinetic  analysis  in  some  of  these  complex  situations  resides  in  the 
fact  that  occasionally  only  one  of  the  component  reactions  controls  the 
over-all  rate,  being  relatively  so  slow  that  it  limits  the  entire  process.  In 
such  cases  the  kinetic  data  will  apply  only  to  this  limiting  reaction;  however, 
it  is  not  always  easy  to  determine  exactly  which  of  the  multiple  steps  is 
limiting.  Furthermore,  different  steps  may  be  rate-limiting  under  different 
conditions  and  there  is  no  guarantee  that  the  same  step  is  limiting  in  the 
cell  as  in  the  isolated  preparation.  From  the  practical  point  of  view,  it 
often  minimizes  the  chance  of  misinteri:)retation  in  enzyme  studies,  with 
or  without  inhibitors  present,  if  each  known  component  of  the  system  is 
varied  independently  and  in  relation  to  every  other  component,  and  to  cover 
a  sufficient  range  of  concentrations  to  allow  valid  kinetic  analysis. 


CHAPTER  3 

THE   KINETICS   OF   ENZYME   INHIBITION 


Inhibition  of  an  enzyme  implies  a  decrease  in  the  rate  of  the  particular 
reaction  that  is  experimentally  measured  or  metabolically  important.  An 
inhibitor  generally  will  reduce  the  rate  of  enzyme  catalysis  whatever  cri- 
terion is  applied,  whether  it  be  utilization  of  substrate  or  formation  of 
products.  In  some  situations,  however,  where  two  or  more  products  are  form- 
ed, the  inhibition  may  refer  to  only  one  product  whereas  the  formation  of  the 
others  may  be  unaffected  or  actually  accelerated.  In  oxidative  phosphoryla- 
tion an  uncoupling  agent  inhibits  the  formation  of  the  biologically  important 
ATP  while  the  oxidation  of  substrate,  uptake  of  oxygen,  and  formation  of 
other  products  may  be  increased.  Many  so-called  inhibitors  are  not  truly 
enzyme  inhibitors  but  alter  the  pattern  of  the  over-all  reaction  to  divert 
the  course  away  from  some  product.  Substances  such  as  this,  not  specifically 
inhibiting  some  enzyme,  might  be  termed  metabolic  inhibitors  more  appro- 
priately because  their  final  effect  is  to  disturb  or  reduce  the  normal  cellu- 
lar flow  of  matter  and  energy.  A  substance  that  interferes  metabolically 
with  the  function  of  a  cell  is  an  inhibitor,  by  whatever  means  it  produces 
this  effect. 

A  general  definition  of  an  inhibitor  might  be  made  in  the  terminology 
of  Peters  by  stating  that  an  inhibitor  induces  a  biochemical  lesion  in  a  cell, 
providing  we  extend  somewhat  the  concept  of  biochemical  lesion.  Originally 
the  term  was  applied  to  the  defect  created  in  brain  metabolism  and  function 
by  a  deficiency  in  vitamin  B^  (Gavrilescu  and  Peters,  1931)  and  was  later 
extended  to  the  effects  produced  by  certain  substances,  such  as  the  arsen- 
icals,  on  cellular  enzymes.  The  term  might  profitably  include  any  dislo- 
cation of  metabolism  by  agents  acting  directly  on  metabolic  systems.  The 
definition  of  an  inhibitor  could  be  made  in  a  more  straightforward  manner 
but  the  approach  above  introduces  the  idea  of  a  biochemical  lesion,  compa- 
rable to  other  types  of  lesions  in  cells  and  tissues,  an  idea  of  some  conceptual 
significance,  and  a  term  of  use  in  designating  the  manifold  perturbations 
that  inhibitors  can  induce  in  cells.  In  the  present  chapter  we  shall  limit  the 
discussion  to  inhibitors  that  act  directly  on  and  inhibit  individual  enzymes, 
since  the  purpose  here  is  an  exposition  of  the  kinetics  of  isolated  enzymes. 
These  results  will  be  applied  later  to  more  complex  systems  and  intra- 
cellular inhibitons. 
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The  mechanisms  by  which  enzymes  can  be  inhibited  may  be  classified 
kinetically  in  terms  of  the  deviations  produced  in  the  normal  kinetics  as 
discussed  in  the  previous  chapter,  or  according  to  the  exact  sites  and  manner 
of  action  relative  to  the  molecular  events  of  the  catalysis;  the  former  is  the 
most  common  method  and  the  latter  is  the  most  difficult  but  preferable.  The 
kinetic  analysis,  along  with  other  pertinent  data  from  various  approaches, 
can  often  be  a  valuable  aid  to  understanding  the  details  of  an  inhibitory 
mechanism  but  usually  should  not  be  an  end  in  itself.  The  most  important 
thing  to  know  about  an  inhibition  is  the  exact  site  of  action  of  the  inhibi- 
tor, with  what  substance  or  enzyme  group  it  interacts.  Only  then  can  one 
interpret  the  kinetic  data  meaningfully  and  derive  quantitative  parameters 
that  characterize  the  inhibition.  It  is  often  stated  that  an  inhibitor  reacts 
with  the  active  center  of  an  enzyme.  This  is  sometimes  vague  and  ambiguous 
since  on  many  enzymes  there  are  two  or  more  regions  necessary  for  the 
catalysis  of  the  entire  reaction  sequence,  some  pertaining  to  the  substrates, 
some  to  coenzymes,  and  some  to  activators.  It  is  better,  when  possible,  to 
avoid  the  general  term  active  center,  unless  the  entire  surface  involved  is 
referred  to,  and  use  a  terminology  indicative  of  more  precise  localization. 

It  is  useful  to  designate  the  regions  on  the  enzyme  involved  in  the 
binding  of  the  different  components  as  substrate  sites,  coenzyme  sites,  and 
activator  sites,  where  such  distinctions  may  be  made.  These  would  to- 
gether make  up  the  active  center,  which  would  embrace  all  the  areas  on 
the  enzyme  involved  in  the  catalysis.  The  substrate  site  may,  of  course,  in- 
clude the  activator  if  the  substrate  is  bound  wholly  or  in  part  through  the 
activator.  The  term  apoenzyme  will  be  used  to  designate  the  protein  part 
of  an  enzyme  and  these  various  sites  may  be  considered  as  regions  in  the 
apoenzyme,  or  occasionally  in  prosthetic  groups,  under  which  are  included 
nonprotein  components,  such  as  hemes,  that  are  for  practical  purposes  un- 
dissociable  from  the  apoenzyme  and  function  as  a  permanent  part  of  the 
enzyme. 

All  enzyme  inhibitions  are  the  result  of  an  interaction  of  the  inhibitor  with 
some  component  of  the  enzyme  system.  A  classification  of  the  sites  of  inhi- 
bition can  be  based  on  the  component  primarily  involved  in  the  inhibition. 

(I)  Reaction  of  inhibitor  with  apoenzyme 

A.  Chemical  reaction  ivith  specific  protein  groups:  these  groups,  such  as 
sulfhydryl,  amino,  or  phenolic  groups,  may  react  irrespective  of 
their  position  relative  to  the  active  center. 

B.  Specific  reaction  with  sites  on  the  apoenzyme:  the  specificity  of  inter- 
action here  resides  in  the  spatial  pattern  of  matter  and  charge  over 
the  site  rather  than  in  a  simple  chemical  group. 

(1)  Substrate  site 

(2)  Coenzyme  site 

(3)  Activator  site 
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C.  Generalized  adsorption  onto  the  protein  surface:  a  relatively  nonspe- 
cific and  weak  interaction  by  substances,  frequently  nonpolar  or 
amphotropic  compounds,  that  associate  with  the  protein  side-chains 
and  may  interfere  with  binding  of  any  component. 

D.  Denaturation  of  the  protein:  an  alteration  of  the  basic  protein  struc- 
ture, usually  by  substances  reacting  with  those  protein  groups  re- 
sponsible for  the  bonds  holding  the  polypeptide  fabric  in  a  specific 
orientation. 

E.  Hydrolysis  of  apoenzyme:  the  breaking  of  peptide  bonds  in  the  pro- 
tein, generally  by  proteolytic  enzymes,  giving  rise  to  fragments  of 
the  apoenzyme  that  may  be  partially  or  completely  inactive. 

(II)  Reaction  of  inhibitor  with  substrate:  the  binding  or  the  subsequent  trans- 
formations  of  the  substrate   are   hindered. 

(III)  Reaction  of  inhibitor  with  coenzyme:  generally  the  ability  of  the  coen- 
zyme to  participate  in  the  reaction  is  reduced,  although  the  affinity  for 
the  apoenzyme  may  also  be   decreased. 

(IV)  Reaction  of  inhibitor  ivith  activator 

(V)  Reaction  of  inhibitor  with  enzyme-complex:  combination  with  the  enzyme- 
substrate,  enzyme-coenzyme,  or  enzyme-activator  complex,  although 
there  is  not  necessarily  a  reaction  with  any  of  the  individual  components. 

(VI)  Entry  of  inhibitor  into  the  reaction  sequence:  the  inhibitor  may  be  acted 
upon  by  the  enzyme  so  that  it  undergoes  reactions  similar  to  the  sub- 
strate, this  reducing  the  amount  of  substrate  reacted  or  causing  a  sub- 
sequent block  if  a  normal  transfer  reaction  is  slowed. 

(VII)  Reaction  of  inhibitor  with  linking  components  in  an  enzyme  aggregate: 
dissociation  of  enzyme  units  in  a  complex  system  by  interaction  with 
substances,  perhaps  nonprotein  in  nature,  functioning  structurally  in 
the   spatial  orientation   of  these   units. 

It  may  be  noted  that  the  words  reaction  and  interaction  as  used  here  and 
elsewhere  in  this  book  do  not  imply  any  particular  type  of  relationship 
between  the  molecules  involved  nor  limit  the  forces  that  are  operative.  The 
reaction  of  an  inhibitor  with  the  sites  and  substances  outlined  above  may 
be  chemical  in  the  sense  that  electron  pair  bonds  are  formed  but  it  is  gen- 
erally not  and  the  term  reaction  should  not  be  construed  as  indicating  such 
a  chemical  reaction.  When  two  molecules  enter  into  a  relationship  in  which 
their  mutual  energy  levels  are  altered,  these  molecules  are  said  to  react  or 
interact;  whether  the  relationship  is  one  of  greater  or  less  stability  depends 
on  the  direction  of  the  energy  change.  The  nature  of  the  forces  involved 
will  be  discussed  in  Chapter  6;  we  wish  now  only  to  emphasize  that  no 
specific  forces  are  implied  by  the  general  terms  used. 

Visualization  at  the  molecular  level  of  the  different  types  of  inhibitor 
reactions  at  the  enzyme  surface  is  often  helpful  in  distinguishing  between 
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the  various  possibilities  and  in  understanding  the  mechanisms  and  kinetics 
of  the  inhibitions.  Some  of  the  numerous  types  of  interference  are  repre- 
sented schematically  in  Fig.  3-1  for  one  enzyme  system.  In  the  classification 
above,  reaction  with  the  substrate  site  was  put  under  a  single  heading; 
it  is  obvious  that  there  are  various  ways  in  which  a  substance  can  prevent 
the  substrate  molecule  from  reaching  this  site.  It  may  combine  with  the 
entire  site,  much  as  the  substrate  does  (A);  or  it  may  react  with  only  part 
of  the  site  (D);  or  it  may  react  not  with  the  site  itself  but  combine  at  an 
adjacent  region,  sterically  or  electrostatically  repelling  the  substrate  (F). 
Reactions  of  other  types  (G,  H,  J,  and  K)  may  also  interfere  with  the  forma- 
tion of  the  ES  complex.  In  fact,  it  is  possible  that  varying  degrees  of  inter- 
ference may  be  produced  and  that  inactivation  of  an  enzyme  may  be  partial 
or  complete  and  not  necessarily  an  all-or-none  phenomenon.  Chemical  reac- 
tion with  specific  protein  groups  has  been  diagrammed  only  for  the  substrate 
site  but  it  could  occur  at  any  or  all  sites.  It  must  also  be  understood  that 
the  enzyme  surface  illustrated  is  only  one  of  numerous  possibilities;  e.g., 
the  activator  may  be  involved  in  binding  the  coenzyme  rather  than  the 
substrate,  or  the  activator  might  link  the  substrate  and  coenzyme  without 
reacting  itself  with  the  apoenzyme,  or  the  spatial  relations  between  the 
substrate  and  the  coenzyme  may  be  more  intimate  than  indicated,  the 
mutual  configurations  they  assume  in  the  activated  complex  being  obliga- 
tory for  reaction. 

REVERSIBLE  AND  IRREVERSIBLE  TYPES  OF  INHIBITION 

It  is  of  primary  importance  for  the  kinetics  of  inhibition  to  distinguish 
between  inhibitors  that  react  reversibly  and  irreversibly.  In  the  equilibrium: 

E  +  I  ;^  EI  (3-1) 

with  K^  =  k_Jki  =  (E)(I)/(EI),  irreversibility  may  be  rigorously  defined 
by  equating  it  with  the  situation  in  which  k_i  =  0.  Since  such  complete 
irreversibility  seldom  occurs  and  since  the  ^,'s  of  the  so-called  irreversible 
inhibitors  are  generally  finite  although  small,  it  is  evident  that  k_i  is  not 
zero  in  most  cases  and  a  more  practical  definition  of  irreversibility  must  be 
made.  If  the  inhibited  enzyme  is  placed  in  a  solution  not  containing  the 
inhibitor,  or  dialyzed  against  inhibitor-free  solution,  irreversibility  may  be 
characterized  by  the  state  in  which  restoration  of  enzyme  activity  is  not 
significant  over  an  interval  commensurate  with  the  periods  involved  in  the 
kinetic  experiments.  Slow  reversibility  can  be  demonstrated  with  stable 
enzymes,  and  kinetic  experiments  over  intervals  of  hours  may  be  performed 
on  this  basis,  but  with  very  unstable  enzymes  many  inhibitors  must  be  con- 
sidered to  be  irreversible  with  regard  to  the  kinetics  because  insignificant 
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Fig.  3-1.  Several  ways  in  which  inhibitors  can  interfere  with  an  enzyme  reaction. 
Molecules  1  and  2  are  either  two  substrates  or  a  substrate  and  coenzyme;  X  is  a  co- 
factor,  such  as  a  metal  ion,  functioning  in  the  binding  of  a  substrate.  The  inhibitor 
in  every  case  is  represented  by  the  solidly  shaded  molecule.  The  positions  assumed 
by  the  reactants  in  the  normal  enzyme  reaction  are  shown  at  the  top.  See  the  text 

for  explanations. 
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reversal  can  occur  over  periods  of  a  few  minutes  and  true  equilibrium  states 
cannot  be  achieved.  Irreversible  inhibitors  are  not  necessarily  character- 
ized by  very  low  K^'s,  since  k^  may  be  small  and  comparable  to  k_i.  Most 
irreversible  inhibitors  react  chemically  with  the  enzyme,  e.g.,  the  ary- 
lation  of  amino  groups  with  dinitrophenyl  derivatives,  the  alkylation  of 
thiol  groups  with  iodoacetate,  and  the  phosphorylation  of  serine  residues 
with  the  phosphorofluoridates.  Most  irreversible  inhibitors  progressively  in- 
hibit an  enzyme  to  completion  if  there  is  sufficient  total  inhibitor  to  react 
with  all  the  enzyme  groups  (including  other  reactive  groups  that  may  be 
present  in  the  preparation);  the  exceptions  would  be  those  inhibitors  where 
ki  and  k_i  are  both  small,  since  partial  inhibition  only  may  be  achieved  at 
equilibrium.  The  kinetics  of  irreversible  inhibition  are  thus  relatively  simple 
since  the  inhibition  increases  with  time  as  the  active  enzyme  concentration 
is  reduced.  In  fact,  if  the  disappearance  of  active  enzyme  can  be  written  as 
—d(E)ldt  =  ^•i(E)(I),  integration  leads  to  an  expression  for  the  enzyme 
concentration  at  any  time,  namely  (E)  =  (EQ)e~^'i'^"  where  (Eq)  is  the 
initial  concentration.  The  inhibited  enzyme  rate  thus  is  v^  =  -yg"^'!'^''  and 
the  fractional  inhibition  i  =  1— p-^i'i".  The  reversal  of  inhibition  by  va- 
rious means  and  the  kinetics  involved  will  be  discussed  in  some  detail  in 
Chapter  13. 

The  usual  formulations  of  inhibition  kinetics  apply  only  to  reversible  in- 
hibitors where  reaction  3-1  is  assumed  to  reach  equilibrium.  In  many 
investigations  the  data  have  been  analyzed  without  adequate  proof  that 
equilibrium  was  reached  under  the  experimental  conditions.  A  comparison 
of  several  inhibitors  on  an  enzyme  using  a  constant  experimental  interval, 
a  common  procedure,  may  signify  little,  especially  if  the  interval  is  short 
and  the  inhibitors  are  of  different  types,  since  some  may  not  have  reached 
equilibrium  with  the  enzyme. 

COMPETITIVE  AND  NONCOMPETITIVE  INHIBITORS 

A  favorite  classification  of  inhibitors  is  into  competitive  and  noncompet- 
itive types  and  it  is  necessary  to  consider  the  meaning  of  this  distinction 
before  presenting  the  kinetic  equations.  The  usual  meaning  attached  to 
competitive  inhibition  is  that  the  inhibitor  reacts  reversibly  with  a  site  on 
the  enzyme  and  thereby  prevents  combination  of  that  component  of  the 
enzyme  reaction  that  normally  forms  a  complex  at  that  site;  thus  an  in- 
hibitor may  be  competitive  with  substrate,  coenzyme,  or  activator.  In  a 
competitive  situation  there  are  two  complexes  with  the  enzyme,  ES  and  EI 
(assuming  competition  with  substrate),  one  enzymatically  active  and  the 
other  inactive.  The  rate  will  depend  as  usual  on  the  concentration  of  ES 
and  the  formation  of  EI  will  reduce  this  concentration.  The  relative  con- 
centrations of  ES  and  EI  depend  on  two  factors  —  the  relative  concentra- 
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tions  of  the  substrate  and  inhibitor,  and  the  relative  affinities  of  the  enzyme 
for  each.  Thus  the  degree  of  inhibition  will  depend  on  (S)  and  K^. 

Noncompetitive  inhibition  is  assumed  to  involve  reaction  of  the  inhi- 
bitor with  a  region  other  than  the  active  center  so  that  combination  of  the 
substrate  with  the  substrate  site  is  unaffected  but  the  breakdown  of  the 
ES  complex  is  prevented.  In  this  case  the  degree  of  inhibition  will  not  depend 
on  (S)  or  Kg  but  only  on  (I)  and  K^,  the  inhibitor  dissociation  constant. 

In  practice  these  two  types  of  inhibition  are  distinguished  by  the  char- 
acteristics of  the  various  kinetic  plots  of  experimental  data,  as  explained 
later.  It  should  be  pointed  out  that  there  is  often  a  discrepancy  between 
the  kinetic  and  the  spatial  concepts  of  competitive  and  noncompetitive 
inhibition.  Many  inhibitions  designated  as  noncompetitive  are  actually 
not  according  to  the  definition  above.  In  some  cases  an  irreversible  inhibi- 
tion is  claimed  to  be  noncompetitive  because  it  yields  the  appropriate 
plots,  whereas  this  procedure  is  not  applicable  to  irreversible  inhibitors. 
In  fact,  such  an  inhibitor  can  react  with  the  substrate  site  but  competition 
will  not  be  exhibited  because  of  the  failure  to  reach  equilibrium.  The  sub- 
strate may,  however,  delay  the  development  of  the  inhibition  in  ^his  case 
because  of  the  protection  it  affords  its  site.  Occasionally  an  inhibitor  is 
competitive  with  coenzyme  or  activator  but  if  the  data  are  analyzed  ki- 
netically  with  respect  to  the  substrate  only,  the  inhibition  will  appear 
to  be  noncompetitive.  Lastly,  in  many  cases  inhibitions  have  been  called 
noncompetitive  because  the  kinetics  do  not  conform  exactly  to  those  of 
competitive  inhibition,  although  they  do  not  fit  noncompetitive  criteria 
either  if  examined  carefully.  Some  of  these  inhibitions  are  partially  compet- 
itive or  of  a  mixed  type.  It  would  seem  reasonable  that  pure  noncompet- 
itive inhibition  must  be  rather  uncommon,  at  least  with  simple  enzymes, 
since  it  is  unlikely  that  an  inhibitor  could  combine  with  the  apoenzyme  at 
a  region  close  enough  to  the  substrate  site  to  prevent  decomposition  of  the 
ES  complex  without  hindering  to  some  extent  the  binding  of  the  substrate, 
thereby  introducing  a  competitive  component  to  the  inhibition.  Because  of 
the  difficulties,  conclusions  as  to  the  site  of  inhibition  from  kinetic  data 
alone  must  be  made  with  caution.  It  cannot  be  overemphasized  that  for 
reliable  kinetic  interpretations,  accurate  quantitative  data  must  be  obtained 
under  controlled  conditions  and  a  sufficient  range  of  substrate  and  inhibitor 
concentrations  must  be  utilized  to  allow  accurate  plotting  of  the  data. 

GENERALIZED  KINETICS  OF  REVERSIBLE  INHIBITION 

No  theory  or  inhibition  equation  can  include  all  the  types  of  inhibition 
outlined  above  but  a  generalized  formulation  may  be  applied  to  type  (I) 
inhibitions  where  reaction  is  with  the  apoenzyme;  the  special  types  of  in- 
hibition, e.g.  competitive  and  noncompetitive,  can  be  derived  from  this 
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by  making  the  appropriate  assumptions.  The  procedure  is  an  extension  of 
that  presented  by  Friedenwald  and  Maengwyn-Davies  (1954,  p.  154).  A 
discussion  of  the  plotting  of  the  resultant  equations  and  the  practical  de- 
termination of  the  kinetic  constants  will  be  reserved  for  Chapter  5.  It  is 
convenient  to  use  the  equilibrium  approach  inasmuch  as  the  steady-state 
treatment  of  generalized  inhibition  leads  to  equations  and  constants  so 
complex  that  the  basic  concepts  are  obscured.  Thus  it  will  be  assumed  that 
all  complexes  with  the  enzyme  are  in  equilibrium  with  their  components 
and  Kg  will  be  used  instead  of  K^,;,  in  the  simplified  equations,  iC,  can  gen- 
erally be  replaced  by  K,„  ==  {k_i-\rk2)lki.  This  limitation  will  be  discussed 
in  more  detail  later.  Initially  it  will  be  assumed  that  no  coenzymes  or  acti- 
vators are  present  and  they  will  be  introduced  subsequently.  It  is  assumed 
that  the  presence  of  the  inhibitor  can  either  alter  the  affinity  of  the  enzyme 
for  the  substrate  or  affect  the  rate  at  which  the  substrate  complex  breaks 
down  to  products,  according  to  the  following  equations: 


Pk  (3-2) 

EIS -EI  +   P 


E  +  I  ^  EI  X,  .  ^f 

(ik  (EI)(S) 

EI  +  S  —  EIS  ^  El  +  P        aK,  =   ^— ^  (3-5) 

pk  (ES)(1) 

ES  -fl  —  EIS  ^  El  +  P        uK,  =  ^jf-  (3-6) 

(EIS) 

where  a  represents  the  change  in  affinity  and  /?  the  change  in  rate  of  complex 
decomposition  induced  by  the  inhibitor.  It  may  be  noted  that  this  situation 
is  similar  to  that  discussed  for  activators  and  formulated  in  Eq.  2-73;  it 
will  not  be  surprising  that  the  resulting  kinetic  equations  are  similar.  In 
fact,  it  may  be  assumed  that  I  above  is  a  modifier;  the  values  of  a  and  /? 
will  determine  whether  it  is  an  activator  or  inhibitor.  The  following  relation- 
ships may  be  written: 

(E,)  =  (E)  +  (ES)  -T-  (El)  +  (EIS)  (3-7) 

t\  =  A-(ES)  +  /3A'(E1S)  (3-8) 
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and  combined  with  the  equilibrium  expressions  3-3  to  3-6  the  rate  equation 
is  obtained: 

r    =V ^^)^"-^^'-  +  ^^I)] (3-9) 

"'  (S)(I)  +  a{K,{^)  +  KAD  +  K,K,]  ^      ^ 

where  r,  is  the  rate  in  the  presence  of  inhibitor  and  F„;  =  A'(E,).  This 
equation  may  be  rewTitten  in  the  Michaehs  form:  r,  =  7„/  (S)/[(S)+^„/] 
where  7,,/ =  F„J«  Z,  +  AI)]/[«  ^- +  (I)]  and  K,,'  ^  K,ia  K,  +  amj 
[a  J^(+/?(I)],  so  that  the  kinetics  with  respect  to  substrate  follow  the  clas- 
sic Michaelis-Menten  theory  although  the  constants  now  depend  on  the  in- 
hibitor affinity  and  concentration.  For  inhibitors  it  is  generally  true  that 
u  >  \  and  /?  <  1,  although  this  is  not  strictly  necessary  since  the  rate 
may  be  decreased  even  if  «  <  1  providing  (3  is  sufficiently  low. 

The  inhibition  produced  may  be  expressed  in  various  ways;  we  shall  uni- 
formly use  the  fractional  inhibition  i,  which  may  be  defined  as  follows: 

1  =  1  -  a  =  1  -  (i\lv)  (3-10) 

where  a  is  the  fractional  activity.  Substituting  expressions  for  v  and  t\ 
from  Eqs.  2-7  and  3-9  into  Eq.  3-10  gives: 

(I)[(S)(1   -  ^)  ^  KAa  -  iS)]  ^^^^^ 


(I)[(S)  +aK,]  +  ^,[a(S)  +  aK,] 

The  various  types  of  inhibition  are  characterized  by  different  values 
of  a  and  /?.  Five  characteristic  types  of  inhibition  may  be  considered  on 
this  basis. 

(1)  Completely  conipetitice  inhibition  {a  =  oo):  the  inhibitor  completely  pre- 
vents the  combination  of  substrate  with  the  enzyme. 


(I) 


(I)  +  ^,[1  +  (^)IK,] 


(3-13) 


(2)  Partially  competitive  inhibition  (oo  >  a  >  1  and  fi  =  1):  the  inhibitor 
only  partially  hinders  binding  of  the  substrate  and  does  not  affect  the  rate  of 
breakdown  of  the  substrate  complex. 

V,  =  F„ ^^ (3-14) 

"^  (S)  +  K,{[aa)  +  aKlliil)  +  «Z,]} 

(^)("-l)  (3-15) 


(I)  [a  +  (8)IK,]  +  ccK,  [1  +  {^)jK,'\ 
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(3)  Completely  noncompetitive  inhibition  {a  =  \  and  /?  =  0):  the  inhibitor 
does  not  alter  the  binding  of  substrate  but  prevents  its  transformation  into 
products. 

-  ^'  ^^'  (3-16) 


(I)  +  K,  (S)  +  K, 

=       (^) 
(I)  +  K, 


(3-17) 


(4)  Partially  noncompetitive  inhibition  {a  =  \  and  0  <  /3  <  1):  the  binding 
of  substrate  is  not  changed  but  the  rate  of  breakdown  of  the  EIS  complex 
is  slower  than  the  ES  complex. 

WD  +  A-,        (S) 

'  =  »  -  «  (TTT^.  '^-''' 

(5)  Mixed  inhibition  (oo  >  a  >  1  and  fi  =  0):  the  affinity  of  the  enzyme  for 
the  substrate  is  reduced  by  the  inhibitor  and  the  breakdown  of  the  EIS  com- 
plex is  prevented. 

alii  (S) 


(I)  +aK,  (S)-f7ir,{[«(I)+aAM/[(I)  +  aK,]] 

.  ^  (I) 

'       {\)+K,{[oc(^)+aK,]i[{^)+aK,]) 


(3-20) 


(3-21) 


The  inhibitor  in  competitive  inhibition  is  said  to  change  the  Michaelis 
constant  (which  we  have  assumed  for  convenience  here  to  be  K^)  without 
affecting  the  maximal  rate,  as  indicated  by  Eqs.  3-12  and  3-14;  in  non- 
competitive inhibition  it  is  the  maximal  rate  that  is  changed  and  the  K^ 
is  unaltered,  as  in  Eqs.  3-16  and  3-18.  The  fifth  type  of  inhibition  is  called 
mixed  because  both  F„;  and  K^  are  modified  by  the  inhibitor  and  thus  the 
inhibition  partakes  somewhat  of  the  characteristics  of  both  competitive 
and  noncompetitive  inhibition.  Of  course,  mixed  inhibition  occurs  if  /?  is 
less  than  1  and  a  is  greater  than  1  (but  not  very  large  or  infinity)  and  the 
relevant  Eqs.  are  3-9  and  3-11;  one  might  designate  it  completely  mixed 
inhibition  when  /?  =  0  and  partially  mixed  inhibition  when  0  <  /?  <  1. 
It  is  necessary  to  understand  that  the  term  partially  when  applied  to  com- 
petitive and  noncompetitive  inhibition  does  not  indicate  mixture  of  inhi- 
bition types  or  impurity;  it  means  that  the  inhibition  is  still  purely  com- 
petitive or  noncompetitive,  but  the  degree  of  inhibition  is  less  than  in  the 
completely  competitive  or  noncompetitive  types,  due  to  the  fact  that  in 
the  former  the  binding  of  substrate  is  not  completely  prevented  or  in  the 
latter  the  breakdown  of  the  EIS  complex  is  not  completely  reduced  to  zero. 
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Because  it  is  frequently  stated  that  in  competitive  inlubition  the  Michaelis 
constant  is  increased  in  the  presence  of  the  inhibitor,  and  because  in  re- 
ciprocal plotting  the  determined  Michaelis  constant  can  assume  theoretically 
any  value  from  Kg  to  infinity,  one  must  beware  of  assuming  that  the  ex- 
perimentally determined  Michaelis  constant  bears  any  relation  to  this  effect 
of  the  inhibitor  on  substrate  affinity.  To  illustrate  this,  let  us  consider  com- 
pletely competitive  inhibition:  if  (I)  is  kept  constant  and  (S)  is  varied,  the 
plotted  results  will  provide  a  value  for  K„^.  which  from  Eq.  3-12  is  equal  to 
Kf.  multiplied  by  the  factor  l-}-(I);ii;  —  however,  this  does  not  mean  that 
the  inhibitor  has  increased  the  dissociation  constant  K,  by  this  amount, 
since  actually  the  presence  of  the  inhibitor  on  the  enzyme  raises  Kg  to  in- 
finit}^  the  substrate  being  entirely  prevented  from  binding.  The  factor 
l  +  [(I)/^i]  is  a  statistical  term  indicating  the  number  of  enzyme  molecules 
combined  with  inhibitor.  In  order  to  find  the  true  effect  of  an  inhibitor  on 
substrate  binding,  the  value  of  a  must  be  determined. 

Coupling  or  Uncompetitive   Inhibition 

There  is  another  possible  type  of  inhibition  that  may  be  derived  from  the 
generalized  equations  above.  This  occurs  if  a  <  1,  the  inhibitor  increasing 
the  affinity  of  the  enzyme  for  the  substrate.  If  the  breakdown  of  the  sub- 
strate complex  is  unaffected  (/?  =  1)  or  accelerated  (/?  >  1),  this  would 
result  in  activation  rather  than  inhibition.  However,  if  /5  <  1,  the  over-all 
effect  may  be  inhibition.  If  the  situation  where  the  EIS  complex  does  not 
break  down  to  products  is  considered  (/5  =  0),  increased  binding  of  the 
substrate  to  form  the  inactive  EIS  complex  will  result  in  inhibition;  if  a 
is  very  low,  approaching  zero,  the  inhibition  may  be  essentially  complete 
since  aU  of  the  enzyme  will  be  in  the  inactive  EIS  form,  inasmuch  as  in  the 
present  treatment  it  is  assumed  that  (S)  and  (I)  are  greater  than  (E^). 
Equations  3-20  and  3-21  express  the  kinetics  for  this  situation,  from  which 
it  may  be  seen  that  as  a  falls  below  one,  the  inhibition  will  increase,  becom- 
ing complete  when  a  is  zero.  This  type  of  inhibition  is  really  a  special  form 
of  mixed  inhibition.  It  was  given  the  unsatisfactory  name  of  uncompetitive 
inhibition  by  Ebersole  et  al.  (1944),  coupling  inhibition  (because  the  inhibitor 
increases  the  coupling  of  enzyme  and  substrate)  by  Friedenwald  and  Maeng- 
wyn-Davies  (1954,  p.  154),  and  anticompetitive  inhibitioyi  by  Dodgson, 
et  al.  (1956).  Friedenwald  and  Maengwyn-Davies  developed  the  kinetic 
equations  of  coupling  inhibition  for  the  special  case  in  which  a  =  0,  assum- 
ing that  the  inhibitor  combined  only  with  the  ES  complex  and  not  with 
the  free  enzyme. 

E+S^ES^E-P  (3-22) 

ES  +  I  —  EIS         K,'  =  -^^^  (3-23) 

(EIS) 
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This  leads  to  the  following  equations  for  the  rate  and  inhibition: 


Ki' 


(I)  +K,'\  (S)+A%{A','/[(I)  +K,']} 

(I) 

(I)   +  K,'  [1   +  A,/(S)] 


(S) 

(3-24) 


(3-25) 


The  rate  expression  shows  that  the  inhibitor  reduces  both  F„,  and  K^.  Such 
inhibition  is  recognized  by  the  family  of  parallel  lines  obtained  by  plotting 
l/Vj  against  1/(S)  or  l/v,  against  (I)  (see  Chapter  5),  but  as  Dixon  and  Webb 
(1958,  p.  179)  have  pointed  out,  this  method  does  not  distinguish  between 
this  type  of  inhibition  and  the  situation  in  which  K^,^  —  Jc^jJcj  and  the  inhi- 
bitor in  some  manner  decreases  ^2- 

Examples  of  coupling  inhibition  are  uncommon.  The  inhibition  of  cyto- 
chrome oxidase  by  azide  (Winzler,  1943)  and  of  pepsin  by  hydrazine  (Scha- 
les  et  al.,  1948)  may  possibly  be  of  this  type.  The  inhibitions  of  the  aryl- 
sulfatase  of  Alcaligenes  by  cyanide  and  hydrazine  (Dodgson  et  al.,  1956) 
would  appear  to  be  the  best  documented  examples  of  coupling  inhibition. 
Not  only  were  the  1/^^—1(8)  and  ili\ — (I)  plots  clearly  a  family  of  parallel 
lines,  but  the  pH-dependence  of  the  inhibitions  showed  a  dissociating  group 
present  in  the  ES  complex  but  absent  in  the  free  enzyme.  It  is  likely  that 
a  similar  mechanism  must  be  assumed  in  the  complexes  formed  between 
a  variety  of  inhibitors  (bisulfite,  sulfide,  cyanide,  hydroxylamine,  and  various 
mercaptans)  and  the  E-DPN*  complexes  of  various  dehydrogenases  (Eys 
et  al,  1958). 

Classification   of  Inhibitions   by   Reiner 

Reiner  (1959,  p.  148)  has  suggested  a  new  terminology  for  the  classifica- 
tion of  enzyme  inhibitions  in  order  "  to  avoid  the  unnecessary  connotations 
of  the  usual  terminology."  The  correspondence  between  the  two  systems 
can  be  easily  made: 

inclusive  inhibition  =   noncompetitive  inhibition 

exclusive  E  inhibition      =   competitive  inhibition 

exclusive  C  inhibition       ~   coupling  (uncompetitive)  inhibition 

These  inhibitions  were  further  subdivided  into  complete  and  partial  and  the 
use  of  these  terms  corresponds  exactly  to  the  similar  terms  in  the  treatment 
above.  Reiner  points  out  that  the  designation  "  competitive  "  suggests  that 
the  substrate  and  the  inhibitor  complex  with  the  same  active  site  on  the 
enzyme  and  compete  for  this  site,  whereas  there  are  numerous  other  mecha- 
nisms whereby  substrate  and  inhibitor  could  interfere  with  each  other's 
binding  to  the  enzyme.  Unfortunately,  there  are  probably  no  terminologies 
that  will  fail  to  evoke  some  unnecessary  connotations  or  erroneous  interpre- 
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tations.  The  usual  terminology  will  be  followed  in  this  book  because  it  is 
so  deeply  implanted  in  the  literature  on  enzyme  inhibition  and  it  is  hoped 
that  the  terms  will  be  understood  in  the  most  general  way,  so  that  they  will 
not  imply  particular  mechanisms  on  the  molecular  level. 

Inhibition  of  Enzyme  Systems  for  Which  Steady-State  Kinetics  Are  Necessary 

The  equations  presented  above  (3-12  to  3-15)  for  competitive  inhibition 
are  valid  for  steady-state  systems  and  K^  may  be  replaced  by  K,,^.  However, 
for  the  non-competitive  inhibition  of  steady-state  systems,  where  K^,^  = 
(A;_i+A'2)/Z.'i  or  depends  on  more  complex  combinations  of  the  rate  constants, 
the  presence  of  the  inhibitor  will  alter  iii,,,  as  well  as  F,„.  since  the  rate  of 
breakdow^n  of  the  critical  complex  will  be  a  factor  in  both  K,,^  and  F,„, 
and  this  rate  will  be  modified  by  the  inhibitor  as  pointed  out  by  Dixon  and 
Webb  (1958,  p.  179).  Pure  noncompetitive  inhibition  would  thus  be  im- 
possible in  steady-state  systems  where  K,,^  does  not  represent  the  substrate 
constant.  Noncompetitive  inhibitors  acting  on  such  systems  will  therefore 
be  classed  as  mixed  from  the  forms  of  the  reciprocal  plots.  This  was  stated 
in  a  somewhat  different  manner  by  Morales  (1955).  when  he  concluded  that 
if  inhibition  kinetics  are  noncompetitive,  the  Michaelis  constant  is  an  equi- 
librium constant. 

Dependence  of  Inhibition  on  Substrate  and  Inhibitor  Concentrations 

The  variations  in  rate  and  inhibition  with  substrate  and  inhibitor  concen- 
tration are  plotted  in  Figs.  3-2  to  3-5  for  the  common  types  of  inhibition. 


100 

1 

1                                       1 

-^^ 

80 

— 

y^      y 

^ 

60 

- 

/        ^/ 

- 

40 

- 

/  / 

- 

, 

/                  /                IS. 

20 

n 

1                      1 

PS- 


Fig.  3-2.  Variation  of  the  rate  with  substrate  concentration  for  different  types  of 
inhibition.  pS  is  — log  (S)  when  (S)  is  M.  A%=  1  milf.  A',  =  0.1  mif,  A'/ =  0.1  ml/, 
(I)  =  0.3  m3/,  and   F„j  =  100.  Curve  I:  uninhibited;  curve  II:  competitive  inhi- 
bition; cui've  III:  noncompetitive  inhibition;  curve  IV:  coupling  inhibition. 
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and  the  dependence  of  inhibition  on  the  constants  a  and  /?  is  iUustrated  in 
Figs.  3-6  to  3-8.  It  is  readily  seen  that  the  kinetic  behavior  is  different  in 
each  type  of  inhibition.  In  Fig.  3-6  it  may  be  observed  that  as  a  becomes 


Fig.  3-3.  Variation  of  the  rate  with  inhibitor  concentration  for  different  types  of 
inhibition,  pi  is  — log  (I)  when  (I)  is  M.  A',==  1  mM,  Z,  =0.1  mil,  iC/  =  0.1  mTl/, 
(S)  =  3  mM,  and    V^  =  100.   Curve  1:   uninhibited;  curve  II:   competitive  inhi- 
bition; curve  III:  noncompetitive  inhibition;  curve  IV:  coupling  inhibition. 


Fig.  3-4.  Variation  of  the  fractional  inhibition  with  inhibitor  concentration  for 
different  types  of  inhibition.   Constants   and   curve  designations   as  in   Fig.  3-3. 


larger,  the  inhibition  approaches  a  constant  level,  whatever  the  value  of 
/5;  when  cc  is  infinity  the  inhibition  is  completely  competitive.  It  is  interest- 
ing, however,  that  a  must  reach  fairly  high  values,  that  is  the  substrate  bind- 
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ing  must  be  reduced  markedly,  before  the  influence  of  changes  in  /?  is  negli- 
gible. In  Figs.  3-7  and  3-8  it  is  evident  that  inhibition  ceases  and  activation 
occurs  where  the  lines  cross  the  /5-axis;  for  example,  when  or  =  30  (i.e., 
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FiG.  3-5.  Variation  of  the  fractional  inhibition  with  .substrate  concentration  for 
different  types  of  inhibition.   Constants  and   curve   designations   as   in   Fig.  3-2. 
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Fig.  3-6.   Variation  of  the  fractional  inhibition  with  the  interaction  constant  a 
for  different  values  of  ^.  K,  =  1  mJ/,  A',  =  0.1  m3/,  (S)  =  3  mM.  and  (I)  =  0.3  mM. 


the  Kg  is  increased  thirty-fold  by  the  inhibitor),  the  rate  of  substrate  com- 
plex breakdown  must  be  accelerated  over  eight-fold  for  stimulation  of  the 
reaction  to  occur.  These  curves  clearlv  show  that  the  resulting  inhibition 
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depends  always  on  the  balance  of  the  changes  in  both  K,  and  k;  it  is  prob- 
ably too  frequently  assumed  that  /?  is  either  unaffected  or  reduced  to  zero. 


Fig.  .3-7.  Variation  of  the  fractional  inhibition  with  P  for  different  vahies  of  a. 
Constants  and  concentrations  as  in  Fig.  3-6. 
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Fig.  3-8.  Variation  of  the  fractional  inhibition  with  (^  for  different  values  of  a 
when   ft  is  on  a  logarithmic  scale.   Constants  and  concentrations  as  in  Fig.  3-6. 
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Inhibition  Equations  in  Terms  of  Specific  Concentrations 

The  rate  of  an  enzyme  reaction  does  not  depend  on  the  substrate  concen- 
tration alone  but  on  the  concentration  relative  to  the  dissociation  constant 
of  the  ES  complex.  This  may  be  seen  from  rearrangement  of  the  Michaelis 
equation: 

^   m      r.ovrr-.       .       ,      =      ^  m      ,  c.  , .       ,       .  (3-26) 


'"  (S)  +  K,  '"  [(S)/if,]  +  1  '"  (S')  +  1 

where  (S')  =  (S)/^,.  (S')  was  called  the  "  specific  concentration  "  of  the 
substrate  by  Straus  and  Goldstein  (1943)  and  is  the  quantity  that  deter- 
mines the  rate  with  respect  to  substrate.  Likewise,  the  effect  of  an  inhibitor 
depends  on  its  concentration  relative  to  K^,  i.e.,  on  (1)1  K^  which  can  be  de- 
signated (I'),  the  specific  concentration  of  inhibitor.  The  same  would  also 
apply  to  coenzymes  and  activators,  where  the  specific  concentrations  (C) 
and  (A')  would  determine  their  activity  in  the  enzyme  reaction.  The  inhi- 
bition equations  may  be  rewritten  in  terms  of  specific  concentrations: 

P  V    A■^■^■,■  ■  (D  [(S')(l  -  fi)  +{a  -  fi)] 

Generahzed  mhibition:  .  =  (p)  ^(g,)   ^   ,]    +  .[(S') 'TT]  ^'"'^^ 

Competitive  inhibition:  i  = -r—  (3-28) 


Noncompetitive  inhibition:       i  =  — (3-29) 


d')  + 

1  + 

(S') 

d') 

(D  ^ 

1 

(D 

CoupUng  inhibition:  i  =  (3-30) 

(-•-)  +  1  +  [^l\^  )\ 

These  equations  demonstrate  that  the  degree  of  inhibition  depends  only  on 
the  specific  concentrations  for  any  type.  The  fundamental  reason  for  the 
importance  of  specific  concentrations  is  that  the  activity  of  a  component 
in  an  enzyme  reaction  depends  on  the  concentration  of  its  complex  with 
the  enzyme,  and  this  depends  on  the  component  concentration  relative  to 
its  affinity  for  the  enzyme  since   (EX)/(E,)  =  (X')/[(X')  +  1]. 

The  quantities  here  designated  as  specific  concentrations  are  called 
"  relative  concentrations  "  by  Dixon  and  Webb  (1958,  p.  76).  We  retain 
the  older  term:  it  is  felt  that  the  use  of  the  word  "  relative  "  may  cause  some 
confusion  since  it  would  usually  be  construed  as  indicating  the  concentration 
relative  to  another  concentration  or  substance. 
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INHIBITION    KINETICS    IN    MUTUAL   DEPLETION    SYSTEMS 

The  Michaelis-Menten  treatment  of  enzyme  kinetics  and  the  formulation 
of  inhibition  given  above  involve  the  assumption  that  the  concentration  of 
enzyme  is  so  small  that  combination  of  either  substrate  or  inhibitor  with 
the  enzyme  does  not  appreciably  reduce  the  concentrations  of  free  substrate 
and  inhibitor.  However,  under  certain  experimental  conditions  and  fre- 
quently within  the  cell,  the  enzyme  concentration  may  be  sufficiently  high 
relative  to  substrate  or  inhibitor  so  that  the  equations  presented  are  not 
valid.  In  other  situations  the  affinity  of  the  enzyme  for  an  inhibitor  is  so 
high  that  the  concentration  of  free  inhibitor  is  reduced  due  to  formation  of 
the  EI  complex,  even  though  the  enzyme  concentration  is  low,  for  to  obtain 
inhibitions  in  the  usual  range  correspondingly  low  inhibitor  concentrations 
must  be  used.  The  additional  factor  that  must  now  be  included  in  the  ki- 
netics is  the  reduction  in  substrate  or  inhibitor  concentrations  in  systems 
where  the  conditions  lead  to  mutual  depletion.  These  conditions  are  de- 
termined principally  by  the  value  of  the  specific  concentration  of  enzyme 
(E/),  since  either  a  high  enzyme  concentration  or  a  low  dissociation  constant 
favors  mutual  depletion  in  free  concentrations. 

Inasmuch  as  no  general  name  has  been  given  to  enzyme  systems  of  this 
type,  it  is  suggested  that  they  be  called  "  mutual  depletion  systems,"  be- 
cause there  is  of  necessity  a  mutual  reduction  in  concentrations  of  free 
enzyme  and  whatever  components  are  involved.  In  situations  where  the 
concentration  of  free  inhibitor  is  decreased,  it  is  evident  that  there  must 
also  be  a  decrease  in  concentration  of  free  enzyme  if  significant  inhibition 
occurs.  It  should  also  be  clear  that  this  extension  of  the  simple  theory  may 
apply  to  coenzymes  and  activators.  In  any  system,  composed  of  a  number 
of  substances  involved  in  the  reaction,  depletion  may  occur  in  one,  any 
number,  or  all  of  the  components,  depending  on  their  relative  dissociation 
constants  with  respect  to  the  complexes  they  form  with  the  enzyme.  The 
specific  concentration  of  the  enzyme  will  usually  be  different  with  regard 
to  each  of  the  components.  The  specific  concentration  of  enzyme  with  re- 
spect to  substrate  is  (E,)/iC„  with  respect  to  inhibitor  is  (E^)/iif ,,  and  with 
respect  to  any  component  X  is  (E,)/iir_j..  We  shall  designate  these  different 
specific  concentrations  as  (E/),  (E/),  and  (E^').  Since  specific  concentrations 
are  more  significant  than  ordinary  concentrations  in  mutual  depletion  sys- 
tems, it  will  be  convenient  to  formulate  the  inhibition  equations  accordingly. 

Noncompetitive    Inhibition    in    Mutual    Depletion    Systems 

No  general  formulation  including  the  different  kinds  of  inhibition  has 
been  made  for  systems  of  this  type  and,  indeed,  it  would  l^e  mathematically 
complex.  The  basic  concepts  involved  are  most  clearly  illustrated  in  non- 
competitive inhibition  where  only  the  inhibitor  concentration  is  of  impor- 
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tance.  Easson  and  Stedman  (1936)  were  the  first  to  consider  this  problem 
but  did  not  develop  the  kinetics  extensively  because  they  were  primarily 
concerned  with  the  determination  of  enzyme  concentration,  a  useful  ap- 
plication of  the  basic  kinetics  that  will  be  discussed  later.  The  detailed 
presentation  of  the  kinetics,  with  applications  to  cholinesterase,  is  due  to 
Straus  and  Goldstein  (1943)  and  Goldstein  (1944). 

Previously  it  has  been  assumed  that  (I)  =  (I^)  but  now  one  must  write: 

(I,)  =  (I)  -^  (EI)  (3-31) 

where  (EI)  includes  (EIS)  because  presence  of  substrate  does  not  alter  the 
binding  of  inhibitor  to  enzyme.  The  value  of  (I)  may  be  obtained  from  the 
equilibrium  expression  (I)(E)/(EI)  =  Ki,  the  fractional  inhibition  relation- 
ship i  =  (EI)/(E,),  and  the  equation  (E,)  =  (E)  +  (EI): 


(I.)  -  K, 


+  i(E,)  (3-32) 


1  - 

and  this  may  be  rewritten  with  specific  concentrations  as: 

(I/)         =         ^i-^         +         /(E/)  (3-33) 

1  —  t 

Total  inhibitor  =  free  inhibitor  +  combined  inibitor 

Three  possible  situations  may  be  distinguished:  the  inhibitor  is  mainly  free, 
or  it  is  mainly  combined,  or  it  may  occur  significantly  in  both  free  and  com- 
bined forms.  Straus  and  Goldstein  designated  these  three  situations  in  terms 
of  zones  in  the  following  manner: 

Zone  A:  inhibitor  mainly  free,  (I/)  =  il(l  —  i). 

I  =  (hllian  ^  1]  (3-34) 

Zone  B:  inhibitor  free  and  combined,  (I/)  =  z7(l  — i)  +  «(E/). 


[an  +  (E/)  +  1]  -V[(I/)  +  (E/)  +  1]^  -  4(I/)(E,') 


(3-35) 


2(E,') 

Zone   C:   inhibitor   mainly   combined,   (I/)  =  i(E/). 

I  =  (I/)/(E/)  (3-36) 

They  were  called  zones  because  as  (E/)  is  increased,  the  system  will  pass 
from  zone  A  through  zone  B  into  zone  C. 

In  Eq.  3-33  the  designations  of  the  form  of  the  inhibitor  do  not  indicate 
ordinary  concentrations  but  specific  concentrations;  the  actual  concentra- 
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tions  are  given  in  Eq.  3-32.  We  have  retained  the  use  of  fractional  inhibition 
i,  rather  than  fractional  activity  a  as  in  the  equations  of  Straus  and  Gold- 
stein, to  be  in  accord  with  our  usual  symbolism  and  because  we  shall  be 
particularly  concerned   with   the   degree   of  inhibition. 

When  n  molecules  of  inhibitor  react  for  each  active  center  of  the  enzyme, 
Eq.  3-33  is  modified  to: 


(I/) 


1 


m{E/) 


(3-37) 


where  (I/)  =  (I^)/(K()^/".  The  zones  are  defined  similarly  but  the  boundaries 
between  the  zones  depend  on  the  value  of  n  (Straus  and  Goldstein,  1943; 
Goldstein,  1944). 

The  variation  of  inhibition  with  inhibitor  concentration  depends  upon 
the  zone  in  which  the  system  lies,  as  shown  in  Fig.  3-9,  where  the  deviation 


Fig.  3-9.  Variation  of  the  fractional  inhibition  with  the  inhibitor  concentration 

at  various  concentrations  of  the  enzyme  in  a  mutual  depletion  system  in  different 

zones.  Ki  =  10-^  mil/.  Curve  I:  (E/)  =  0.01,  zone  A;  curve  II:  (E/)  =  1,  zone  B; 

curve  III:  (E/)  =  10,  zone  B;  curve  IV:  (E/)  =  100,  zone  C. 


from  zone  A  behavior  as  enzyme  concentration  rises  manifests  itself  as  a  shift 
of  the  curves  to  the  right  and  a  change  in  shai)e.  The  decrease  of  inhibition 
at  higher  enzyme  concentrations  is  due,  of  course,  to  the  depletion  of  free 
inhibitor.  In  Fig.  3-10  the  dependence  of  the  inhibition  on  enzyme  concen- 
tration is  illustrated.  It  is  clear  that  the  lower  (I,),  the  more  readily  will 
increasing  (E,)  reduce  the  inhibition;  thus  a  system  in  which  the  inhibition 
is  high  will  tend  to  remain  in  zone  A  longer  as  (E^)  increases,  compared  to 
one  in  which  the  inhibition  is  low. 
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Boundary  Conditions  for  Zone   Behavior 

It  is  necessary  now  to  determine  for  practical  purposes  the  conditions 
under  which  zone  B  and  C  kinetics  should  be  used,  rather  than  the  usual 
zone  A  equations.  One  may  do  this  by  establishing  the  boundaries  between 
the  three  zones.  These  boundaries  are,  to  some  extent,  arbitrary  since  they 
depend  upon  the  accuracy  desired  in  the  treatment;  i.e.,  zone  A  kinetics  can 
be  used  over  a  wider  range  if  the  experiments  do  not  require  a  rigorously 
quantitative  expression.  Straus  and  Goldstein  (1943)  determined  the  boun- 
dary conditions  assuming  certain  values  for  the  acceptable  error  in  the  degree 
of  inhibition  obtained  from  the  various  equations.  They  considered  values 
of  Ai,  the  acceptable  deviation  in  i;  it  might  be  more  generally  preferable 
to  consider  values  of  Jiji,  which  would  be  a  measure  of  the  per  cent  error 
at  any  level  of  inhibition.  The  following  treatment  and  the  boundary  curves 
obtained  thus  differ  in  this  respect  from  those  of  Straus  and  Goldstein. 


(E,)- 


FiG.  3-10.  Variation  of  the  fractional  inhibition  with  the  specific  enzyme  concen- 
tration for  different    inhibitor    concentrations.    K^  =  10^^   milf.   Curve   1:    pi  =  7; 
curve  11:   pi  =  6;   curve  III:   pi  =  5. 


The  derivation  of  boundary  equations  may  be  done  as  follows.  The  general 
Eq.  3-33  is  accurate  and  actually  applies  to  all  zones.  Thus  if  one  introduces 
the  acceptable  deviation  J{  into  the  special  equations  for  zone  A  and  zone  C 
and  equates  these,  since  (I/)  is  constant,  with  the  general  equation,  one 
obtains: 


Zone  A  -  zone  B: 


i{E/) 


Ai 


1 


Ai 


(3-38) 


Zone  B -  zone  C: 


1   -  i 


+  i(E,')  =  [i  -r  Ai){E/) 


(3-39) 
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From  these  equations  one  may  obtain  expressions  for  (E/)  which  determine 
the  boundaries: 

Ai  1 


Zone  A  -  zone  B:        (E,') 


i     (1  -  i  -  Ai)  (1  -  i) 


i  1 

Zone  B  -  zone  C:         (E/)  =  --   ^i r 

Ai     \   —  I 


(3-40) 
(3-41) 


If  we  take  the  permissable  error  in  the  inhibition  to  be  10%,  i.e.  Aiji  =  0.1, 
the  boundary  curves  in  Fig.  3-11  are  obtained.  The  boundaries  are  seen  to 
depend  not  only  on  (E/)  but  on  the  extent  of  inhibition  or  (I/).  The  vertical 
lines  are  placed  at  50%  inhibition  to  indicate  average  values  of  (E/)  that 
may  be  taken  as  the  boundaries  between  zones  in  most  experimental  pro- 
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Fig.  3-11.  Zone  boundaries   for  noncompetitive   inhibition   in  a  mutual  depletion 

system.  Aili  =  0.1. 


cedures.  Thus  when  (E',)  reaches  a  value  of  0.45  the  system  enters  zone  B; 
at  this  point,  if  Michaelis-Menten  equations  are  aj^plied,  the  per  cent  error 
in  the  inhibition  calculated  will  be  10%.  When  (E/)  reaches  20  the  system 
will  enter  zone  C.   The  tabulation  below  gives  the  boundary  values  for 


Acceptable 

error 

(E,') 

Zone  A  -  zone  B 

Zone  B  -  zone  C 

1% 

0.041 

200 

5% 

0.21 

40 

10% 

0.45 

20 

20% 

1.0 

10 

m^o 

4.0 

4 
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50%  inhibition  for  various  acceptable  errors  in  the  calculated  inhibition. 
If  one  is  quite  critical  regarding  the  acceptable  error,  zone  B  kinetics  must 
be  used  over  a  much  wider  range  than  when  only  low  accuracy  is  required. 

Let  us  consider  two  examples  applying  these  results.  If  an  inhibitor  with 
Ki  =  10~'  M  is  being  used  (many  inhibitors  are  known  with  K-?,  as  small 
as  this  or  smaller)  and  the  acceptable  error  is  set  at  5%,  zone  A  equations 
are  no  longer  permissible  (assuming  inhibitions  around  50%)  when  (E/)  is 
greater  than  0.21  or  (E^)  is  greater  than  2.1  X  10"^  M.  If  the  molecular  weight 
of  the  enzyme  is  50,000  per  active  center,  this  concentration  of  enzyme 
corresponds  to  0.0001%.  Enzyme  concentrations  of  this  magnitude  may  be 
relatively  common.  In  fact,  in  an  homogenate,  which  is  usually  around  0.3% 
tissue,  this  enzyme  concentration  will  occur  if  the  concentration  in  the 
original  tissue  is  0.03%.  If  one  has  a  reasonable  estimate  of  the  enzyme 
concentration,  it  is  possible  to  decide  which  inhibitors  will  yield  zone  B 
or  C  behavior  on  the  basis  of  their  ^/s.  Thus  the  concentration  of  cholin- 
esterase  in  human  serum  has  been  found  to  be  2.3  X  10~^  M  (Myers,  1952  a) 
and  inhibitors  with  K-b  less  than  1.1x10^^  M  would  require  zone  B  or 
if  less  than  5.7  X  10"^°  M  would  require  zone  C  kinetics.  Several  inhibitors 
indeed  possess  K-b  in  this  range  with  respect  to  cholinesterase.  The  diffi- 
culty at  the  present  time  in  applying  such  reasoning  is  the  lack  of  knowledge 
of  enzyme  concentrations  in  either  tissues  or  isolated  preparations.  A  meth- 
od for  determining  enzyme  concentration  in  certain  cases  will  be  presented 
in  the  following  section. 

Finally,  one  may  inquire  as  to  what  boundaries  can  be  set  for  an  inves- 
tigation of  enzyme  inhibition  where  the  range  between  10%  and  90%  in- 
hibition will  be  encountered.  Approaching  zone  B  from  zone  A,  from  Fig.  3-11 
it  may  be  seen  that  zone  B  kinetics  should  be  used  when  (E/)  becomes  grea- 
ter than  0.12;  approaching  zone  B  from  zone  C,  the  system  enters  zone  B 
when  (E/)  becomes  less  than  100.  Thus  when  one  includes  a  wide  range  of 
possible  degrees  of  inhibition,  the  width  of  zone  B  increases  if  the  specified 
accuracy  throughout  is  desired. 

Determination   of  Enzyme  Concentration    with    Potent  Noncompetitive 

Inhibitors 

It  was  pointed  out  by  Easson  and  Stedman  (1936)  that  if  Eq.  3-32  is  re- 
written as: 

-^  =  ,-^  +  (E,)  (3-42) 

a  plot  of  (I^)/^  against  1/(1— ■?')  would  show  a  slope  of  K^  and  an  intercept 
with  the  {lt)li  axis  at  (E^).  Thus  (E^)  and  (E/)  can  be  determined  and  this 
was  done  for  serum  cholinesterase  using  miotine  as  the  inhibitor.  Another 
method,  probably  more  accurate,  was  used  by  Myers  (1952  a)   for    serum 
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cholinesterase  with  the  very  potent  inhibitor  Nu  683.  Equation  3-32  may 
be  written  as: 

(I,)3„  =  K,  +  0.5(E,)  (3-43) 

where  (I/)5o  is  the  inhibitor  concentration  producing  50%  inhibition.  If 
various  dihitions  of  the  enzyme  are  tested  and  the  activities  expressed  in 
f.1  moles  of  substrate  per  minute,  the  activities  will  be  equivalent  to  the 
turnover  number  (TN)x(E^),  so  that: 


(I,),o  =K,+  ^  TN(E,) 


(3-44) 


A  plot  of  (1^)50  against  the  relative  activity  of  the  enzyme  will  give  a  straight 
line  with  a  slope  of  0.5/TN  and  (1^)50  intercept  of  Ki,  from  which  (E^)  and 
(E/)  may  be  evaluated.  Such  methods  may  be  applied  to  any  enzyme 
providing  an  inhibitor  potent  enough  to  place  the  system  in  zone  B  is 
available.  Competitive  inhibitors  may  be  used  if  their  rate  of  displacement 
from  the  enzyme  is  slow  and  readings  are  made  soon  after  addition  of  sub- 
strate to  the  inhibited  system.  Theoretical  plots  for  the  two  methods  are 
presented  in  Figs.  3-12  and  3-13. 

Competitive   Inhibition    in    Mutual    Depletion   Systems 

When  the  substrate  and  inhibitor  compete  for  binding  to  the  active  site, 
the  general  equation,  corresponding  to  3-33,  will  be  more  complex: 


(1/ 

)       - 

[a^^^wn'<^''-<^-''  +  ''-] 

Total  inhibitor    = 

free  inhibitor 

+ 

1   -  (1  -  i 

/(S')  +1       (S')  -  (1  -i)(E,')  +  1^ 

+ 

combined  inhibitor 

(E/) 


(3-45) 


where  (E/)  =  {Ei)IKg  and  (E/)  =  (£,)/£";,  the  specific  concentrations  of 
the  enzyme  with  respect  to  substrate  and  inhibitor.  This  expression  applies 
to  the  situation  where  the  system  is  in  zone  B  with  respect  to  both  substrate 
and  inhibitor.  Equation  3-45  is  related  to  the  equation  derived  by  Goldstein 
(1944)  but  here  is  expressed  in  terms  of  fractional  inhibition  rather  than 
fractional  activity. 

The  general  equation  given  by  Goldstein  is: 


(I 


')  =  [{(S')  -  a(E/)}  1—^   -  1]  +  [1  --  «ll  +,.,,     ^  ,^  J 


(E/)    (3-46) 
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where  a  =  fractional  activity  as  defined  by  Goldstein.  It  is  particularly 
important  to  note  that  this  fractional  activity  is  not  equal  to  \—i  as  it 
is  usually  defined.  As  used  by  Goldstein,  a=(ES)/(E,)  =  V(/F„;  and  hence  re- 


FiG.  3-12.  Illustration  of  the  method  of 
Easson  and  Stedman  (1936)  for  the  deter- 
mination of  enzyme  concentration  from 
inhibition  data.  The  plot  is  of  Eq.   3-42. 

presents  the  activity  relative  to  the  maximal  rate,  not  relative  to  the  actual 
rate  in  the  absence  of  inhibitor,  in  which  case  the  fractional  activity  would 
be  equal  to  vjv.  In  other  words,  the  fractional  activity  of  Goldstein  does 


Fig.    3-13.    Illustration   of  the    method  of 

Myers    (1952  a)    for   the    determination   of 

enzyme  concentration  from  inhibition  data. 

The  plot  is  of  Eq.  3-44. 


not  express  the  reduction  of  rate  due  to  inhibitor  alone.  It  is  easy  to  show 
that: 


(1  -  O(S') 
(S')  +  1 


(3-47) 
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when  used  in  the  sense  of  Goldstein.  He  used  this  fractional  activity  because 
it  is  this  value  that  is  actually  measured  in  enzyme  experiments  but,  as 
stated  above,  here  we  are  more  concerned  with  the  reduction  in  rate  brought 
about  by  the  inhibitor  and  hence  shall  express  the  equations  in  terms  of  i. 

It  will  be  convenient  to  designate  the  zone  behavior  with  subscripts  to 
indicate  whether  the  substrate  or  inhibitor  is  referred  to.  Thus  zone  A^. 
refers  to  a  system  which  is  in  zone  A  with  respect  to  substrate  and  zone  Bj 
to  one  that  is  in  zone  B  with  respect  to  inhibitor.  A  complete  characteriza- 
tion of  the  system  may  be  made  by  combining  these  designations:  thus 
zone  AgB^  implies  a  system  which  is  in  zone  A  with  respect  to  substrate  and 
simultaneously  in  zone  B  with  respect  to  inhibitor.  There  are  therefore  nine 
possible  states  in  which  a  competitive  inhibition  system  may  exist. 

Most  enzyme  systems  will  be  in  zone  A,  where  (E,')  is  small  (it  must  be 
less  than  0.1)  and  this  simplification  leads  to  the  following  zone  equations: 

Zone  A,A^:  substrate  and  inhibitor  mainly  free 

(I/)  =  Y-^  [(S')  +  1]  (3-48) 


(I/) 


(3-49) 


(I/)  +  (S')  +  1 
Zone  A^Br  substrate  mainly  free,  inhibitor  free  and  combined 

(I/)  =  T-^—  [(S')  +  1]  +  i(E/)  (3-50) 

1  —  I 


_  [(I/)  +  (S')  -f  (E,')  -f-  1]  -  V[(I/)  +  (S')  +  (E/)  -t-  If  -  4(I/)(E/) 

2(E,') 

Zone  AjCj:  substrate  mainly  free,  inhibitor  mainly  combined 

(hi  =  i(E,')  (3-52) 

(I/)  (I.) 


(E/)          (E,) 


(3-53) 


Equation  3-49  is  the  expected  classic  expression  for  competitive  inhibition 
in  systems  uncomplicated  by  depletion  of  free  inhibitor  concentration;  Eq. 
3-51  is  identical  with  3-35  with  the  addition  of  (S');  and  Eq.  3-53  is  identical 
with  3-36  for  noncompetitive  inhibition.  The  last  equivalence  forces  one 
to  conclude,  as  did  Goldstein,  that  competitive  inhibition  cannot  occur  in 
zone  C(.  When  (S')  becomes  large  enough  so  that  competition  can  occur,  it 
displaces  the  inhibitor  from  the  enzyme,  increasing  the  concentration  of 
free  inhibitor,  and  putting  the  system  into  zone  B,. 
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The  designation  of  zones  and  the  choice  of  the  appropriate  equations  to 
be  used  for  a  particular  inhibition  cannot  generally  be  predicted  but  must  be 
decided  upon  after  sufficient  data  have  been  accumulated  to  characterize 
the  behavior  of  the  system. 

Boundary  Conditions  for  Competitive  Inhibition 

From  Eq.  3-50  the  boundary  conditions  corresponding  to  Eqs.  3-40  and 
3-41  are  obtained  for  competitive  inhibition: 

Zone  A,  —  zone  Jt5,: =  — - -. — :; r  (3-o4) 

(S')  +1  I      (1   -  I   -  Ai)(l   -  i) 

Zone  B,  -  zone  C,:  '        =  --  -~ r  (3-55) 

(o  )  +  1         zli      1  —  ^ 

so  that  the  same  boundaries  exist  as  for  noncompetitive  inhibition  (Fig. 
3-11)  but  they  refer  to  (E,)/[(S')  +  1]  instead  of  (E/).  Since  (S')  +  l  wiU  be 
greater  than  unity  (sometimes  much  greater)  and  (E/)  determines  the  zone, 
systems  that  would  be  in  zone  B^  for  noncompetitive  inhibitors  might  well 
be  translated  into  zone  A  for  competitive  inhibition.  In  the  experiments  of 
Goldstein  on  cholinesterase,  for  example,  (S/)  was  usually  64.4.  It  is  reason- 
able that  competitive  systems,  compared  with  noncompetitive,  would  less 
likely  be  in  zone  B,  because  binding  of  substrate  to  the  enzyme  reduces 
the  amount  of  enzyme  capable  of  binding  the  inhibitor  and  decreasing  the 
concentration  of  its  free  form. 

Steady-State    Kinetics    of   Mutual    Depletion    Systems 

Throughout  the  formulation  it  has  been  assumed  that  the  Michaelis  con- 
stant is  a  dissociation  constant  and  the  terms  (S,)/^,  and  {'Eii)lK^  have  been 
used.  However,  if  K„^  =  {k_^-\-k2)lk-^  it  may  be  substituted  for  K^  in  the 
equations  above,  but  the  specific  concentrations  do  not  have  their  usual 
significance,  since  now,  for  example,  (S/)  =  (S()/iiC„;.  Although  this  does  not 
affect  the  validity  of  the  theory  or  the  equations,  it  is  important  in  deter- 
minations of  the  individual  rate  constants  from  the  kinetic  data,  just  as 
in  zone  A  systems.  Indeed,  the  rate  constants  for  cholinesterase  calculated 
by  Goldstein  have  been  shown  to  be  in  error  by  Myers  (1952  b)  and  this  pa- 
per may  be  consulted  for  a  detailed  analysis  of  the  problems  involved  in 
such  determinations. 

Independence  of  Zone  C  Inhibition  on  K, 

Straus  and  Goldstein  pointed  out  the  very  interesting  fact  that  in  zone 
C  all  inhibitors,  whatever  their  affinities  for  the  enzyme,  will  produce  the 
same  effect.  This  follows  from  Eqs.  3-36  and  3-54  which  may  be  written 
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as  i  =  (I^)/(E^).  As  long  as  the  system  is  in  zone  C,  most  of  the  inhibitor 
is  bound  to  the  enzyme  and  the  fraction  of  inactive  enzyme  is  independent 
of  the  potency  of  the  inhibitor.  It  is  obvious  that  no  constants  may  be  cal- 
culated from  zone  C  kinetics. 

Dilution   of  Enzyme-Inhibitor   Systems 

The  characteristic  changes  in  inhibition  brought  about  by  dilution  were 
used  by  Straus  and  Goldstein  as  criteria  for  zone  behavior.  Two  types  of 
dilution  must  be  distinguished:  {a)  only  the  enzyme  is  diluted  and  the  inhi- 
bitor is  added  at  the  same  concentration  and  {b)  the  enzyme-inhibitor  mix- 
ture is  diluted.  Enzyme  dilution  alone  has  no  effect  on  the  inhibition  in  zone 
A  and  increases  inhibition  in  zones  B  and  C,  or  may  translate  the  system  from 
zone  C  into  B  or  from  zone  B  into  A;  this  is  evident  from  the  dependence  of 
zone  behavior  on  (E/).  In  the  second  situation  where  both  enzyme  and  in- 
hibitor are  diluted  (the  "  dilution  effect  "  of  Straus  and  Goldstein),  equally 
simple  relations  are  observed  for  noncompetitive  inhibition.  In  zone  A 
dilution  leads  to  less  inhibition  simply  because  the  inhibitor  concentration 
becomes  smaller  and  the  enzyme  concentration  is  of  no  importance;  in  zone 
C  both  (I/)  and  (E/)  change  equally  and  there  is  no  effect  on  inhibition.  In 
zone  B  the  situation  is  somewhat  more  complex  because  both  (I/)  and  (E/) 
are  involved  in  determining  the  inhibition.  Dilution  will  produce  a  decrease 
in  inhibition,  due  to  reduction  of  (I/),  but  the  decrease  will  be  less  than  in 
zone  A  because  the  reduction  of  (E/)  will  tend  to  increase  the  inhibition 
somewhat;  thus  in  zone  B  the  change  of  inhibition  on  dilution  depends  on 
the  change  in  (E/)  whereas  in  zone  A  it  does  not.  Dilution  of  competitively 
inhibited  systems  also  involves  decrease  in  (S/).  In  zone  A^A^  there  will 
be  no  change  in  inhibition  if  the  assumptions  leading  to  Eq.  3-50  are  valid, 
since  both  (I/)  and  (S/)  change  equally;  however,  from  the  more  general 
Eq.  3-47  it  is  clear  that  inhibition  will  increase.  In  zones  A,B,  and  A^Cj 
there  will  also  be  no  change  in  inhibition  on  dilution  if  the  simplifications 
giving  Eqs.  3-52  and  3-54  are  valid,  but  if  the  more  general  Eq.  3-48  must 
be  used,  there  is  a  dilution  effect  which  also  depends  on  (E/)  in  zone  A,B,. 
In  case  the  system  is  in  zones  B,  or  C^  the  dilution  effect  is  complex  and 
depends  generally  on  all  four  specific  concentrations,  (S/),  (I/),  (E,'),  and 
(E/),  as  is  evident  from  Eq.  3-45.  The  complex  equations  for  the  magnitude 
of  the  dilution  effect  in  noncompetitive  systems  are  given  by  Straus  and 
Goldstein  and  a  graphical  presentation  for  competitive  systems  by  Gold- 
stein, together  with  the  effects  of  dilution  on  cholinesterase  inhibition. 

Noncellular  preparations  usually  represent  enzymes  diluted  from  the 
concentration  existing  in  the  cell;  this  is  dilution  of  the  first  type,  i.e.,  of 
enzyme  only.  Sometimes  a  tissue  is  exposed  to  an  inhibitor  and  the  inhi- 
bited enzyme  is  subsequently  extracted  for  the  purpose  of  determining  the 
extent  of  inhibition  occurring  in  the  tissue;  this  is  dilution  of  the  second  type. 
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since  both  enzyme  and  inhibitor  are  reduced  in  concentration.  Care  should 
be  taken  to  distinguish  between  these  two  situations  when  comparing  in- 
hibitions in  tissues  and  in  extracts. 

Mutual  Depletion  Systems  in  the  Cell 

The  behavior  of  systems  showing  mutual  depletion  has  been  discussed  in 
some  detail  because  it  is  believed  that  they  may  be  more  common  than 
previously  supposed,  particularly  within  cells,  and  that  they  will  become 
more  common  as  new  inhibitors  of  high  potency  are  applied  to  enzyme 
study.  In  a  cell,  or  within  subcellular  structures,  or  in  localized  cellular  re- 
gions, the  concentration  of  enzyme  may  be  very  high,  far  greater  than  could 
be  practically  attained  with  the  extracted  enzyme,  and  the  possibility  sug- 
gests itself  that  zone  B  and  C  behavior  would  be  observed.  However,  we  must 
again  distinguish  between  two  situations:  (a)  the  substrate  or  inhibitor  is 
added  to  the  system  and  has  a  diffuse  distribution,  and  (6)  the  substrate 
or  inhibitor  is  also  localized  in  the  same  region  as  the  enzyme,  being 
formed  in  that  region.  Most  experimental  systems  are  of  the  former  type 
and  in  this  case  the  enzyme  will  bind  no  more  substrate  or  inhibitor 
than  if  it  were  homogeneously  distributed;  mere  concentration  of  enzyme 
in  localized  regions  will  not  reduce  the  concentration  of  free  substrate  or 
inhibitor,  which  is  what  determines  zone  B  and  C  behavior.  A  suspension 
of  mitochondria,  each  containing  a  particular  enzyme  in  high  concentra- 
tion, will  not  yield  kinetic  data  different  from  a  system  in  which  the  same 
amount  of  enzyme  is  dissolved  uniformly  in  the  same  total  volume.  Only 
the  effects  of  mutual  depletion  are  being  considered  at  this  time;  there  are 
other  possible  factors  which  may  alter  the  kinetic  behavior  when  an  enzyme 
is  released  from  its  localized  condition.  In  the  second  type  of  situation  zone 
behavior  may  be  exhibited  commonly,  even  with  respect  to  substrate  as 
well  as  inhibitor,  since  the  total  amount  of  substrate  or  inhibitor  present 
is  very  small,  even  though  the  actual  concentration  may  be  comparable  to 
that  used  in  isolated  preparations.  It  is  easy  to  visualize  that,  within  a  mi- 
tochondrion for  example,  essentially  all  the  substrate  is  bound  to  enzyme. 
If  an  inhibitor  is  formed  from  a  precursor  and  this  occurs  in  the  localized 
region,  it  also  may  be  mainly  combined;  examples  of  such  inhibitors  might 
be  fluorocitrate  or  the  various  substrate  and  coenzyme  analogs  that  must 
be  phosphorylated  or  synthesized  within  the  cell  from  simpler  added  sub- 
stances. A  simple  example  will  illustrate  this.  Let  us  assume  a  mitochondrial 
suspension  of  10  ml  containing  an  enzyme  whose  over-all  concentration  is 
10"^  M;  an  inhibitor  is  added  at  10"^  M  —  no  reduction  of  free  inhibitor 
concentration  occurs  because  there  is  a  total  of  10^^"  moles  of  enzyme  and 
10"'  moles  of  inhibitor  present.  However,  if  the  inhibitor  is  produced  within 
the  mitochondria  and  is  localized  there  at  the  same  concentration  of  10"^  M, 
the  total  amount  in  the  system  may  be  1/1000  of  that  previously  or  10"^*^ 
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moles,  and  it  is  likely  that  the  system  will  be  in  zone  B  or  C  depending  on 
the  value  of  K,.  Prediction  of  competitive  inhibition  kinetics  under  such 
circumstances  is  extremely  difficult  since  we  never  accurately  know  the 
localized  substrate  concentration;  it  is  likely  that  competitive  inhibition  as 
it  is  usually  formulated  is  uncommon  in  these  cases. 

Role  of  Extraneous  Substances  in   Mutual   Depletion  Systems 

In  the  systems  so  far  discussed  it  has  been  assumed  that  one  is  dealing 
with  a  pure  enzyme  or,  if  not,  that  other  material  does  not  bind  the  inhibi- 
tor. In  many  enzyme  preparations  there  are  substances  that  can  bind  cer- 
tain inhibitors  as  well,  or  even  better,  than  the  enzyme;  protein  impurities 
can  usually  bind  heavy  metals,  arsenicals,  and  protein  reactants  extensively. 
Now,  binding  of  inhibitors  by  such  extra-enzyme  material  will  cause  the 
system  to  approach  or  enter  zones  B  or  C,  because  it  makes  no  difference 
what  binds  the  inhibitor  and  reduces  its  free  concentration.  Actually  in 
systems  containing  binding  components  other  than  the  enzyme,  it  is  not  the 
value  of  (E/)  that  determines  the  zone  but  a  sum  of  such  terms  including 
each  binding  substance,  or  approximately  considered  the  total  concentra- 
tion of  binding  sites  divided  by  an  average  dissociation  constant.  This  would 
apply  particularly  to  impure  enzyme  preparations,  mitochondria,  homogen- 
ates,  and  cell  suspensions.  If  we  designate  the  specific  concentration  of  all 
binding  sites  by  (X/)  it  is  to  this  that  the  boundary  conditions  really  apply 
and  (X/)  may  well  be  100-1000  times  larger  than  (E/).  Conversely,  in  such 
situations,  an  estimation  of  enzyme  concentration,  as  discussed  above,  may 
be  erroneous.  This  will  be  taken  up  in  more  detail  in  Chapter  15. 

PSEUDO-IRREVERSIBLE  INHIBITION 

Ackermann  and  Potter  (1949)  defined  pseudo-irreversible  inhibitors  as 
those  that  have  such  a  high  affinity  for  the  enzyme  that  they  give  the 
appearance  of  irreversibility.  The  inhibition  may  be  competitive  or  non- 
competitive, but  if  it  is  truly  the  former,  it  may  not  be  obvious  since  little 
change  in  enzyme  activity  will  be  observed  upon  adding  the  substrate  to 
the  inhibited  enzyme,  due  to  the  slow  dissociation  of  inhibitor,  or  the  in- 
bitor  is  bound  so  much  more  tightly  to  the  enzyme  than  is  the  substrate 
that  com])etition  at  equilibrium  cannot  be  demonstrated.  This  is  really 
another  approach  to  systems  in  zones  B  or  C  and  the  equations  given  by 
Ackermann  and  Potter  are  identical  to  those  of  Straus  and  Goldstein  for 
comparable  situations;  thus  the  expression  for  the  inhibited  rate  given  by 
Ackermann  and  Potter,  i\  =  A;(E^)  — ^'(I,),  is  equivalent  to  an  inhibition 
of  i  =  (I^)/(E^),  since  v  =  ^(E^).  However,  a  short  exposition  of  this  ap- 
proach will  serve  to  introduce  some  further  practical  applications  for  such 
inhibitors. 
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If  the  inhibitor  is  specific  for  a  certain  enzyme,  being  bound  to  nothing 
else,  it  may  be  said  to  titrate  the  enzyme,  in  the  sense  that  the  amount  of 
enzyme  inactivated  will  be  equivalent  to  the  amount  of  inhibitor  added.  The 
rates  of  reaction  are  determined  at  different  enzyme  concentrations,  with 


Fig.  3-14.  Plot  of  rate  against  the  enzyme 

concentration  for  pseudo- irreversible  and 

irreversible  inhibition. 

and  without  inhibitor,  and  these  rates  are  plotted  against  (E^)  in  arbitrary 
units  since  the  molar  concentration  of  enzyme  is  generally  not  kno\vm.  In 
the  absence  of  inhibitor,  one  obtains  a  straight  line  passing  through  the 
origin,  since  v  =  A"(E,);  in  the  presence  of  inhibitor  a  straight  line  of  identical 
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Fig.  3-15.  Variation  of  the  fractional 
inhibition  with  the  enzyme  concentration 
for    pseudo-irreversible    inhibition    where 

i  =  (I,)/(E,). 


slope  is  obtained  but  intercepting  the  (E^)  axis  at  a  point  where  (E,)  =  (I,). 
Irreversible  inhibitors  will  also  yield  the  same  results.  Such  a  plot  is  shown 
in  Fig.  3-14  and  the  hyperbolic  curve  when  inhibition  is  plotted  against 
(E,)  is  illustrated  in  Fig.  3-15. 
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Inhibitors  of  this  type,  if  specific,  can  be  used  to  estimate  the  relative 
amounts  of  enzymes  in  different  preparations  or  tissues  because  using  the 
same  concentration  of  inhibitor,  various  tissues  exhibit  different  degrees 
of  inhibition  if  their  enzyme  content  varies,  according  to  Fig.  3-15.  In  fact, 
the  inhibition  is  inversely  iDroportional  to  the  amount  of  enzyme  present. 
The  electron-transport  inhibitor,  antimycin  A,  has  been  used  to  estimate  the 
relative  amounts  of  succinoxidase  in  different  tissues  (Potter  and  Reif, 
1952).  The  antimycin  titer  was  defined  as  the  y  of  antimycin  per  gram  of 
tissue  to  give  50%  inhibition:  the  values  ran  from  around  0.5  for  spleen, 
lung,  and  tumor,  through  1.7  for  liver  and  3.2  for  kidney,  to  8.8  for  heart. 


INHIBITOR 
TISSUE 


Cr/GM)- 


FiG.  3-16.  Illustration  of  the  determination  of  the 
inhibitor  titer  for  a  tissue  preparation. 


These  values  correspond  quite  well  to  those  obtained  manometrically  on 
homogenates  of  the  various  tissues.  Similar  results  were  obtained  using 
other  cycle  intermediates  as  substrates,  since  the  step  blocked  by  antimycin 
is  common  to  many  electron-transport  systems.  If  such  experiments  were 
done  on  intact  tissue  and  the  inhibition  of  respiration  determined,  the  anti- 
mycin titer  would  not,  of  course,  refer  only  to  succinoxidase,  but  to  the 
amount  of  antimycin-sensitive  component  operating  in  the  tissue.  The 
value  of  the  titer  for  a  particular  preparation  is  arrived  at  by  plotting  the 
inhibition  against  the  ratio  of  inhibitor  added  to  tissue  weight;  the  midpoint 
(50%  inhibition)  on  the  sigmoid  curve  represents  the  titer,  just  as  in  the 
usual  chemical  titrations  (Fig.  3-16). 
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When  a  pseudo-irreversible  or  irreversible  inhibitor  is  introduced  into 
an  animal  intravenously  (to  ensure  relatively  rapid  and  uniform  distribution 
throughout  the  body),  the  susceptible  enzyme  will  be  inhibited  to  different 
degrees  in  the  various  tissues;  those  tissues  possessing  the  smallest  amount 
of  enzyme  vrill  be  inhibited  most  potently.  It  must  be  assumed  that  the  in- 
hibitor enters  each  tissue  to  approximately  the  same  degree.  This  type  of 
effect  is  in  distinct  contrast  to  the  behavior  of  readily  reversible  inhibitors, 
where  the  inhibition  in  any  tissue  depends  only  on  the  concentration  of 
inhibitor  and  not  at  all  on  the  amount  of  enzyme  present;  if  the  inhibitor 
entered  each  tissue  equally,  the  inhibition  in  each  would  be  the  same,  assum- 
ing that  the  enzyme  had  the  same  properties  and  environment  in  every 
tissue.  It  was  suggested  by  Potter  et  al.,  (1952)  that  the  principle  of 
enzyme  titration  might  be  applied  to  chemotherapy.  Cells  that  contain 
the  least  amount  of  the  susceptible  enzyme  are  most  readily  inhibited  and 
perhaps  most  easily  killed;  for  example,  tumor  tissue  succinoxidase  was 
inhibited  completely  by  an  amount  of  antimycin  that  had  no  effect  on  heart 
succinoxidase,  and  only  minimal  effects  on  the  enzyme  from  kidney,  liver, 
brain,  and  muscle  were  observed,  simply  because  there  was  less  of  the 
enzyme  in  the  tumor  tissue.  Complications  naturally  arise:  the  effects  of 
binding  to  blood  components,  the  different  blood  supplies  to  various  tissues 
so  that  the  inhibitor  is  not  equally  distributed,  the  different  permeabilities 
of  cells  to  the  inhibitor,  and  the  fact  that  an  enzyme  may  exhibit  some- 
what different  kinetic  parameters  in  each  tissue.  However,  it  does  represent 
one  intelligent  and  directed  approach  to  chemotherapy,  which,  if  pursued 
intently,  might  well  lead  to  the  development  of  useful  drugs. 

Finally,  it  may  be  remarked  that  figures  given  for  the  per  cent  inhibition 
of  enzymes  by  inhibitors  of  this  type  mean  very  little,  unless  the  amount 
of  enzyme  present  is  also  stated  (Ackermann  and  Potter,  1949).  The  inhi- 
bitions bear  no  necessary  relation  to  the  potency  of  the  inhibitor  or  the 
Ki  and  cannot  be  compared  on  any  quantitative  basis  with  inhibitions  pro- 
duced by  readily  dissociable  inhibitors.  For  example,  let  us  assume  (E,)  = 
10-^  M  and  we  compare  four  inhibitors  with  different  K-&.  The  tabulation 
below  shows  the  concentrations  necessary  to  produce  a  standard  inhibition 
and  it  is  evident  that  these  concentrations  do  not  indicate  quantitatively 
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the  relative  potency.  It  might  be  conchided  that  inhiliitors  III  and  IV 
are  of  comparable  potency,  although  they  actually  differ  by  a  factor 
of  1000. 


INHIBITION  BY  REACTION  WITH  COENZYME 
OR  ACTIVATOR  SITES 

It  has  been  assumed  in  the  inhibitions  discussed  up  to  this  point  that 
the  inhibitor  interferes  only  with  the  binding  or  breakdown  of  substrate. 
The  inhibitor  may  also  interfere  with  the  binding  or  functioning  of  the  other 
possible  components  of  the  enzyme  reaction.  The  general  rate  equation  for 
an  enzyme  reaction  in  which  an  activator  and  an  inhibitor  are  both  present 
was  developed  by  Friedenwald  and  Maengwyn-Davies  (1954,  p.  154)  and 
the  following  is  an  application  of  this  equation  to  various  special  cases. 
The  reactions  that  must  be  considered  in  the  general  case  may  be  represent- 
ed as: 
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(3-56) 
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The  rate  equation  can  be  written  in  terms  of  either  substrate  or  activator: 
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and  they  may  be  seen  to  be  symmetrical  with  tespect  to  substrate  and  acti- 
vator. The  interaction  constants  expressing  the  effects  of  a  component  on  the 
binding  of  another  may  be  defined  as  follows:  a  relates  to  I  and  S,  /?  to  S 
and  A,  y  to  I  and  A,  and  //  to  the  effects  of  AS,  IS,  and  lA  on  binding  of  I, 
A,  and  S.  That  is,  K^  =  (E)(A)/(EA),  y  K,  =  (EI)(A)/(EIA),  /?  ^,  -  (ES) 
(A)/(EAS),  and  jli  K^  =  (EIS)(A)/(EAIS),  with  similar  expressions  for  K, 
and  K^.  These  general  equations  include  effects  of  the  inhibitor  on  both  sub- 
strate and  activator;  however,  the  formulation  assumes  that  only  the  EAS 
complex  breaks  down  into  products,  i.e.,  the  activator  is  essential  and  the 
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presence  of  inhibitor  on  the  enzyme  reduces  activity  to  zero.  If  the  rate 
equation  with  respect  to  substrate  is  written  in  the  Michaehs-Menten  form: 

(A')  +  (D  +  (1/y)  (A')(r)  +  1 

'  HIP)  (A')  -^  aia)  {!')  +  ai^/i)  (A')(r)  +  i  ^     ' 

Noncompetitive  Inhibition  with   Respect  to  Activator 

When  the  inhibition  is  completely  noncompetitive  with  the  activator 
and  the  substrate,  we  may  set  a  =  y  =  u  =  I  and  obtain  the  equation: 

(S')(A') 1 

"■  -  '^"  (S')  [(.V)  + 1]  -  «A')  ^  1  (vm  ''-'''' 

and  for  the  situation  where  activator  doesn't  influence  substrate  binding 
(/5  =  1): 

V        V        (S')  (A')  1 

In  the  latter  case  one  obtains  the  usual  noncompetitive  equation  for  the 
inhibition:  i  =  (r)/[(r)  +  l].  However,  in  the  more  general  case  where 
/?  7^  1,  the  inhibition  will  involve  this  factor;  from  Eqs.  2-71  and  3-60  one 
obtains: 

.       (!')  +  [(S')  +  1]  [1  -  iS]/[(S')(A')  +  (S')  +  ig(A')  +  1] 

^  =  ^j;p^3 (3-62) 

Competitive   Inhibition    with    Respect   to   Activator 

If  the  inhibitor  competes  with  the  activator  for  the  activator  site  but 
does  not  affect  substrate  binding,  we  must  set  a  =  1  and  /  =  //  =  go. 
The  general  rate  equation  is: 

_     y         (S')(A') 

'''■         '"  (S')  [(A')  +  ^(D  +  p]  +  [(A')  +  ^(D  +1] 
and  for  the  special  case  where  /?  =  1: 

''  -  ^'"  i^Wl  (A-)  +  (D  +  1  ^'-''^ 

From  the  latter  we  obtain  an  expression  for  the  inhibition  (relative  to  the 
rate  in  Eq.  2-72  for  the  uninhibited  reaction): 

i  =  ~ (3-65) 

d')  -i-  (A')  +1 
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which  is  quite  comparable  to  Eq.  3-28  applying  to  competition  with  sub- 
strate. Again,  if  /?7^  1,  the  inhibition  is  modified  by  this  factor.  The  ef- 
fects of  the  factor  /5  on  determinations  of  the  various  dissociation  constants 
will  be  discussed  in  Chapter  5. 

Inhibition   with    Respect  to  a  Coenzyme 

Since  the  equations  for  reaction  rate  are  identical  for  activators,  coen- 
zymes, or  second  substrates  (see  Eqs.  2-61  and  2-72),  when  there  is  no  effect 
of  these  on  substrate  binding,  it  is  evident  that  similar  equations  are  ob- 
tained for  noncompetitive  and  competitive  inhibition  with  respect  to  these 
components.  In  fact,  under  these  conditions,  competition  with  any  com- 
ponent X  will  lead  to  an  equation  of  the  form: 

'  -  (I,  +"(xo  +  1  '^-««' 

and  with  similar  corrections  when  the  substrate  binding  is  modified  by 
the  presence  of  the  component.  Similarly,  noncompetitive  inhibition  will 
always  result  in  an  equation  i  =  (r)/[(r)  +  l]  which  is  independent  of  com- 
ponent concentration.  It  must  be  emphasized  that  this  is  not  the  case  if 
substrate  binding  is  altered  by  the  presence  of  the  other  component. 

An  example  of  this  type  of  mechanism  for  which  the  kinetics  have  been 
studied  experimentally  is  the  inhibition  of  yeast  alcohol  dehydrogenase  by 
o-phenanthroline  (Hoch  et  at.,  1958).  The  enzyme  active  center  contains 
an  atom  of  zinc  that  is  necessary  for  the  binding  of  DPN+  and  DPNH; 
the  metal  chelator,  o-phenanthroline,  inhibits  the  reaction  by  complexing 
with  the  zinc  and  competing  with  the  coenzyme.  The  inhibitor,  on  the  other 
hand,  does  not  compete  with  either  ethanol  or  acetaldehyde,  and  thus  the 
zinc  must  be  involved  only  in  the  binding  of  the  coenzyme. 

Competitive  Inhibition  with  Respect  to  an  Activator  Essential  for  Binding 

of   Substrate 

When  the  primary  function  of  the  activator  is  the  binding  of  the  substrate 
to  the  enzyme,  as  it  may  often  be  in  the  case  of  metals,  and  the  inhibitor 
blocks  the  activator  from  the  enzyme,  an  interesting  type  of  inhibition  re- 
sults. This  situation  may  be  represented  as: 

K    >  EA  ^   r- 
E  EA8->E  +  P  (3-67) 

N 

^'     EI 
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and  the  rate  equation  is: 

"'  =  ^"  (S'XA')  +  (.V)  +  (D  +  1  '^-««' 

whicli  compared  to  Eq.  2-69  gives  the  inhibition  as: 

(!') 


(D  +  (A')  +  1  +  (S')(A') 


(3-69) 


The  unexpected  dependence  of  the  inhibition  on  substrate  concentration, 
although  the  mechanism  is  completely  competitive  with  activator,  is  due 
to  the  fact  that  increasing  (S)  and  (A)  forms  more  EAS  complex  and  reduces 
the  amount  of  enzyme  available  to  combine  with  inhibitor.  Reciprocal  plots 
will  remain  linear  but  an  error  may  be  introduced  into  the  calculation  of  K^. 

INHIBITION  BY  REACTION  WITH  SUBSTRATE,  COENZYME, 

OR    ACTIVATOR 

The  inhibitions  previously  discussed  have  all  resulted  from  reaction  of 
the  inhibitor  with  the  apoenzyme  at  various  regions  relative  to  the  binding 
sites  for  the  substrate  or  other  components  of  the  system.  The  situation  in 
which  the  inhibitor  reacts  directly  with  the  substrate,  or  with  other  disso- 
ciable components,  will  now  be  considered.  The  types  of  inhibition  produced 
are  frequently  difficult  to  distinguish  from  those  where  the  apoenzyme  is 
attacked  if  the  usual  kinetic  analysis  is  applied  uncritically. 

Reaction  of  Inhibitor  with  Substrate 

When  reaction  of  an  inhibitor  with  the  substrate  prevents  the  binding 
of  the  substrate  to  the  enzyme,  the  effective  concentration  of  free  substrate 
is  reduced;  only  that  fraction  of  the  substrate  that  is  uncombined  with  the 
inhibitor  is  free  to  undergo  the  enzymic  reaction.  From  the  dissociation 
constant  for  the  substrate-inhibitor  compound  it  is  possible  to  calculate 
the  concentration  of  free  substrate  (S)  and  use  this  value,  instead  of  the 
total  concentration  (S^).  in  the  previous  equations. 

s  +  i  — SI         ^--^-^^iT"  ^^-^^^ 

(S,)  =  (S)  +  (SI) 
(I,)  =  (I)  +  (SI) 
(S)^  -f  [(I,)  -  (S,)  +  ^,,](S)  -  (S,)Z,,  =  0  (3-71) 
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(S) 


V[(Ie)  -  (S.)  +  K,,Y  +  4(S,)Z,, 


[(I,)  -  (S,)  +  Z,,]     (3-72) 


This  value  can  then  be  used  in  the  Michaelis-Menten  equation  v^  =  F,„(S)/ 
[(S)  +  Kg]  and  compared  with  the  rate  in  the  absence  of  inhibitor,  given 
by  the  equation  v  =  7,„(S^)/[(S,)  +  K,],  to  determine  the  inhibition.  The 
inhibition  curves,  plotted  in  Fig.  3-17  for  two  substrate  concentrations, 
show  an  effect  of  substrate  on  the  inhibition  that  superficially  may  resemble 
competitive  inhibition.  The  inhibition  curves  rise  more  steeply  in  the  region 
where  (I^)  is  comparable  to  (S^)  than  for  competitive  inhibition;  in  fact,  if 
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FiG.  3-17.  Variation  of  the  fractional  inhibition  with  the  inhibitor  concentration 

when  the  inhibitor  reacts  with  the  substrate.  Kg  =  \  vaM  and  K^i  =  0.1  xq.M. 

Curve  A:  (S<)  =  5  mi/;  curve  B:  (Sj)  =  0.5  xaM. 


the  inflection  is  near  this  region  it  is  often  an  indication  of  reaction  with 
substrate  although,  of  course,  this  is  not  necessary.  A  plot  of  the  dependence 
of  inhibition  on  substrate  concentration  (Fig.  3-18)  shows  that  raising  (S^) 
will  more  readily  overcome  the  inhibition  caused  by  reaction  with  the 
substrate  than  competitive  inhibition.  It  may  be  noticed  that  (I/)9o/(I/)io 
for  competitive  inhibition  is  usually  around  100  while  for  reaction  with 
substrate  it  is  usually  between  5  and  25. 

If  inhibition  by  reaction  with  the  substrate  is  established,  it  is  possible 
to  determine  K^^  from  the  kinetic  data.  The  concentration  of  free  substrate 
may  be  estimated  from  the  degree  of  inhibition  produced  at  a  certain  (I^): 


(S)  = 


(S,)Z,(1   -  I) 
Ks  +  i(S,) 


(3-73) 
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and  this  value  may  be  substituted  in: 

(S)  [(I,)  -  (S,)  +  (S)] 


Ksi  = 


(S,)  -  (S) 
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(3-74) 


which  is  obtained  from  Eq.  3-70. 

Occasionally  the  inhibition  may  not  be  due  to  the  simple  depletion  of 
free  substrate  but  to  the  combination  of  the  SI  complex  with  the  enzyme. 
In  other  words,  the  substance  added  and  called  the  inhibitor  actually  does 
not  interact  with  the  enzyme  but  by  complexing  with  the  substrate  pro- 


FiG.  3-18.  Variation  of  the  fractional  inhibition  with  substrate  concentration  for 
competitive  inhibition  and  for  the  situation  where  the  inhibitor  reacts  with  the  sub- 
strate. K,  =  1  mM.  Curve  A:  K,i  =  0.\  mM,  (1^)  =  1  mi/;  curve  B:  A',  =  0.1  mM, 

(It)  =  1  mM. 


duces  an  inhibitory  compound.  If  the  free  substrate  concentration  is  not 
significantly  depressed  and  the  inhibition  is  entirely  due  to  the  SI  com- 
plex according  to  the  following  scheme: 


E+S— ES-^E+P  K, 

S  +  I^SI  K,i 

E  +  SI  —  ESI  Ki 

the  expression  for  the  concentration  of  SI  complex: 

(I.)(S,) 


(3-75) 


(SI)  = 


(S,)  +  K,, 
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may  be  substituted  in  the  usual  equations  for  competitive  inhibition  (3-12 
and  3-13)  as  the  concentration  of  the  active  inhibitor.  If,  in  addition  to 
the  inhibition  produced  by  SI,  there  is  depletion  of  free  substrate,  the 
value  of  (S)  from  Eq.  3-72  must  be  used  instead  of  (S^).  A  characteristic 
of  inhibitions  exerted  by  SI  is  the  increase  in  inhibitor  concentration  with 
increasing  substrate  concentration.  Therefore,  competition  between  S  and 
I  is  not  so  evident  as  in  those  cases  where  I  is  itself  the  inhibitor,  at  least 
over  a  certain  range  of  substrate  concentrations. 

An  interesting  approach  to  inhibitions  involving  complexes  of  inhibitor 
with  substrate  has  been  formulated  by  Reiner  (1959,  p.  156).  The  plotting 
of  (I^)  against  il{l  —  i)  often  helps  to  distinguish  between  the  different 
types  of  inhibition  and  occasionally  allows  the  calculation  of  the  constants. 
The  equations  for  the  three  possible  mechanisms  may  be  written  as 
follows: 

(1)  inhibition  due  to  depletion  of  free  substrate 

w(S,) 


(I,)  =  [1  +  (S,)//^,] 


iiK.i  + 


1  +u[l  +  {S,)IKsl 


(3-76) 


(2)  inhibition  due  to  the  combination  of  SI  with  the  enzyme 


ih)  =  [(S,)  +  K,]  [(S<)  +  Z,,]  -^  (3-77) 


(3)  inhibition  due  to  both  mechanisms 

(I,)  =  KAi  +  (s,,/A-.]  \^s^^-^  +  ^s,  +  K.^,:Z+^s,|KA}\  <'■'«' 

The  inhibition  term,  ^7(l  —  i),  has  been  indicated  by  u  for  convenience. 
Plots  of  (I,)  against  u  for  the  first  and  third  situations  lead  to  curves  which 
are  linear  for  low  and  high  values  of  u,  the  slopes  for  these  regions  being 
easily  evaluated  by  inspection  of  the  equations.  For  example,  for  inhibition 
due  to  the  depletion  of  substrate,  the  slope  at  low  vahies  of  u  (i.e.,  low  inhi- 
bitions) will  be  [K^j  +  (SJ]  [1  -\-  {Si)IK,]  and  for  high  values  of  m  the  slope 
will  be  ^.,,[1  -f  (8,)/-^",].  The  curves  will  bend  upwards  or  downwards, 
depending  on  the  inhibition  mechanism.  However,  the  plot  for  inhibition 
by  the  complex  SI  will  be  a  straight  line  passing  through  the  origin.  The 
slope  will  depend  on  (S,)  in  a  characteristic  way:  it  will  be  high  for  both 
low  and  high  values  of  (S,)  and  reach  a  minimum  when  (S,)  =  V  K^Kgi. 
Other  features  of  this  method  of  plotting  will  be  found  in  the  original  pres- 
entation by  Reiner. 
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Reaction  of  Inhibitor  with  Other  Components  of  the  Reaction 

When  reaction  of  the  inhibitor  occurs  with  coenzyme,  activator,  or  a 
second  substrate,  the  same  type  of  inhibition  will  result  if  the  rate  equa- 
tions are  symmetrical  (e.g.,  Eqs.  2-61  and  2-72).  However,  if  substrate 
binding  is  affected  by  these  other  components,  this  factor  will  com- 
plicate the  inhibition.  For  the  situation  in  which  the  activator  is  essential 
for  the  reaction  (Eqs.  2-67  and  2-68),  an  equation  similar  to  3-72  will  be  ob- 
tained with  (A,)  and  K^^  replacing  (S^)  and  K^^,  providing  that  the  fraction 
of  activator  combined  with  enzyme  is  small,  which  was  assumed  in  deriving 
the  rate  Eq.  2-69.  The  value  of  (A)  can  then  be  substituted  in  Eq.  2-69. 
When  this  is  plotted,  against  either  pi  or  pA,  inhibition  curves  of  form  and 
slope  much  like  those  of  competitive  inhibition  are  obtained.  The  concen- 
tration of  activator  must  be  reduced  below  K^  before  appreciable  inhibition 
occurs. 

If  the  activator  in  the  uninhibited  system  is  mainly  bound  to  the  en- 
zyme and  (A)  is  negligible,  addition  of  inhibitor  will  withdraw  some  of  the 
activator  from  the  enzyme  and  one  can  write  (A^)  =  (EA)  +  (lA).  The 
degree  of  inhibition  produced  will  depend  on  the  relative  affinities  of  the 
enzyme  and  inhibitor  for  the  activator  and  on  the  relative  concentrations 
of  enzyme  and  inhibitor.  An  expression  for  (EA)  is  quadratic: 

{^kY[K  -  K,i\  +  (EA)[ZJ(I,)  -  (A,)}  ^^ 

and  may  be  substituted  in  /  =  1  —  [(EA)/(E;)],  but  it  is  seldom  that  the 
constants  and  the  enzyme  concentration  are  known.  However,  if  the  en- 
zyme were  saturated  with  activator  and  (E^)  =  (A,),  the  enzyme  concen- 
tration can  be  eliminated  from  the  equations.  In  the  extreme  case  where 
Kai<^K^,  i.e.,  the  activator  is  bound  much  more  tightly  to  the  inhibitor 
than  to  the  enzyme,  one  may  write  (EA)  =  (A,)  —  (I,)  from  which  the  in- 
hibition is  seen  to  be  i  =  (I^)/(A,),  a  linear  relationship  with  inhibitor  con- 
centration. This  is,  of  course,  a  titration  type  of  inhibition  and  corresponds 
to  zone  C  behavior  with  respect  to  inhibitor  and  activator. 

The  situation  in  which  the  activator  may  combine  with  both  substrate 
and  inhibitor,  probably  of  frequent  occurrence  when  the  activator  is  a  heavy 
metal,  has  been  analyzed  by  Gryder  et  al.  (1955),  and  the  following  rate 
equation  derived: 

..  =  F    ^^™5 (3-80) 

""  (S)(A)(I)  +  a[KsK„sa)  +  K,K,,{S)  +  {K,K,K,,KJl{k)] 

where  Z,,  =  (A)(S)/(AS),  K^,  =  (A)(I)/(AI),  and  a  is  the  factor  by  which 
K^  is  changed  by  the  presence  of  activator.  This  may  be  compared  with  the 
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equation  for  the  uninhibited  reaction  2-71  and  a  rather  complex  expression 
for  the  inhibition  may  be  obtained.  This  was  applied  to  the  inhibition  by 
glycine  of  the  hydrolysis  of  glycerophosphate  by  alkaline  phosphatase  using 
zinc  as  the  activator,  and  the  constants  were  evaluated  from  the  appro- 
priate reciprocal  plots.  This  treatment  assumed  that  the  concentration  of 
free  activator  is  negligible  and  that  the  activator  is  mainly  present  combin- 
ed with  substrate  and  inhibitor;  if  the  affinity  of  the  enzyme  for  the  acti- 
vator is  high  or  the  concentration  of  activator  is  sufficient  to  form  EA  com- 
plex, the  expressions  become  much  more  complex. 

An  interesting  example  of  complicated  inhibition  kinetics  involving  a 
coenzyme  is  provided  by  D-amino  acid  oxidase  (Yagi  et  al.,  1959a,  b). 
Certain  inhibitors  form  complexes  with  flavin  adenine  dinucleotide  (FAD) 
(phenol,  salicylate,  m-aminophenol,  and  chlortetracycline).  The  complex 
between  FAD  and  chlortetracycline  was  demonstrated  by  the  quenching 
of  the  flavin  fluorescence  and  the  shift  in  flavin  absorption  spectrum.  Indeed, 
it  was  claimed  that  chlortetracycline  has  a  single  inhibitory  mechanism  on 
this  enzyme,  the  formation  of  the  complex  with  the  coenzyme.  However, 
the  phenols  and  certain  other  compounds  (aniline,  j?-aminobenzoate,  etc.) 
can  compete  with  FAD  for  the  coenzyme  site.  Thus  phenol,  for  example, 
inhibits  by  two  mechanisms  related  to  the  coenzyme.  Finally,  some  of  these 
substances  can  compete  with  the  substrate.  Salicylate  inhibits  by  all  three 
mechanisms  and  presents  a  good  example  of  a  situation  that  is  ])robably 
more  common  than  generally  believed.  It  is  too  often  assumed  in  interpret- 
ing the  experimental  data  that  a  single  mechanism  of  inhibition  is  operative 
and  many  of  the  deviations  from  the  expected  behavior  may  be  due  to 
multiple  actions. 


THE  ENZYME  COMBINES  WITH   MORE  THAN  ONE 
MOLECULE    OF    INHIBITOR 

It  has  been  occasionally  assumed  that  if  n  molecules  of  inhibitor  react 
with  the  enzyme,  noncompetitive  inhibition  is  expressed  by: 

(I)" 

^  '  (3-81) 


(I)"  +  K/ 


and  competitive  inhibition  by  a  similar  equation  with  K/  multiplied  by 
1  +  [(S)/^^].  However,  it  is  doubtful  if  this  type  of  equation  ever  corre- 
sponds to  an  actual  situation,  since  it  assumes  either  that  no  intermediate 
complexes  (EI,  EI2  to  EI„_J  are  formed  or,  if  they  are  formed,  they  do 
not  modify  the  enzymic  activity  (i.e.,  the  addition  of  the  >ith  inhibitor  mol- 
ecule suddenly  reduces  the  activity  to  zero).  Furthermore,  it  is  evident 
that  K/  is  not  a  simple  dissociation  constant,  since  it  equals  (E)(I)"/(EI,j); 


COMBIXATION    WITH    MOLECULES    OF    INHIBITORS  91 

actually  K-  =  K^^K^.^-.-Km  oi%  if  each  molecule  is  bound  equally,  K-  = 
K^l.  Before  presenting  a  general  treatment  of  this  problem,  it  will  be  well 
to  examine  the  ways  in  which  enzymes  can  bind  several  inhibitor  molecules. 
Several  possible  situations  may  be  distinguished  and  the  inhibition  ki- 
netics are  in  general  different  for  each.  In  the  following,  R  represents  an 
active  center  while  B  is  a  nonenzymic  or  nonfunctional  binding  site. 

(I)  The  enzyme  possesses  two  or  more  active  centers  on  each  molecule 

A.  The  centers  are  independent:  in  this  case  the  inhibition  kinetics  are  iden- 
tical to  those  developed  previously,  since  (E^)  refers  to  the  concentration 
of  active  centers  and  not  to  enzyme  molecules, 

ER„  +  wl  ^  ER„I„  Ki  same  for  each  group 

B.  The  centers  have  equal  intrinsic  affinities  for  the  inhibitor  but  interact 
so  that  binding  of  each  inhibitor  molecule  influences  the  binding  of  other 
molecules  to  adjacent  sites. 

ER„  +  wl;;^  ER„I„  Ki,  uKi,  fiKi  ...  for  successive  bindings 

C.  The  centers  have  different  intrinsic  affinities  for  the  inhibitor. 

ER'R"  ...  R„  +  nl;=i  ER'IR"!  ...  RJ      K/,  K/'  ...  for  each  site 

(II)  The  enzyme  possesses  functional  centers   and   nonfunctional  binding  sites 

Only  a  certain  fraction  of  the  bound  inhibitor  exerts  an  inhibitory  action. 
In  this  case  there  is  no  effect  by  the  nonfunctional  group  binding  on 
the  inhibition  unless  the  system  is  in  zone  B  or  C  and  thus  this  binding 
contributes  to  the  reduction  of  free  inhibitor  concentration. 

R  RI  Ki  for  functional  group 

/  / 

E  +(n  +  l)I;:±E 

\  \ 

B„  B„I„  K^,  for  nonfunctional  group 

(III)  Each  active  center  binds  more  than  one  inhibitor  molecule 

ER  -f  nl  :^  ERI„  Ki  may  be  the  same  for  each  molecule  of 

inhibitor  or  different  if  interaction  occurs 

There  are  thus  three  situations  [(I)  B,  (I)  C,  and  (III)]  which  require  ex- 
tension of  the  previous  formulation. 

Each    Active   Center    Binds    More   Than    One    Inhibitor    Molecule 

Inasmuch  as  binding  of  three  or  more  inhibitor  molecules  to  an  active 
center  is  relatively  rare,  attention  will  be  given  to  the  situation  where 
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w  =  2;  it  is  simple  to  extend  this  treatment  to  higher  vahies  of  n.  The 
most  general  pattern  of  reactions  is  the  following: 

,      E  +  P 

E  EIS       ^  (3-82) 

^'     EI      ^'  ELS 


a^  EL  ^s 


If  noncompetitive  inhibition  is  assumed  (no  effect  on  substrate  binding), 
the  following  rate  expression  is  obtained,  using  specific  concentrations  for 
convenience: 


Vi  = 


(S')  +  1 


1  +  ^H') 


1  +  (I')  +  lariai 


(3-83) 


where  a  is  the  factor  expressing  the  change  in  inhibitor  binding  due  to  the 
attachment  of  the  first  inhibitor  molecule  and  /5  represents  the  reduction 
in  k  produced  by  the  binding  of  one  molecule  of  inhibitor.  The  inhibition  is 
then  given  by: 

.    (1  -  m')  +  [aria] 


1  +  (D  +   [Uria] 


(3-84) 


Various  special  cases  dependent  upon  the  values  of  a  and  /?  will  now  be 
considered.  When  /?  =  0  the  binding  of  the  first  inhibitor  molecule  prevents 
the  breakdown  of  the  substrate,  but  the  inhibition  is  greater  than  in  the 
case  where  only  one  inhibitor  molecule  combines  because  there  are  in  addi- 
tion to  EI  and  EIS  the  complexes  EI2  and  EI2S,  which  further  reduce  the 
concentration  of  active  centers.  The  inhibition  is  given  by: 

^-  ^''^   +   [(^')^/«l  ^  =  0  (3-85) 


1  +  c)  +  [uricc] 


If  a  is  very  low  (second  inhibitor  molecule  bound  more  tightly  than  first), 
the  inhibition  will  increase  and  approach  a  situation  where  aK^  is  the 
dominant  constant: 

(I)^ 


(1)2   +   aKi^ 


P  =  0,  a  low  (3-86) 


which  is  as  close  as  the  inhibition  will  come  to  Eq.  3-8L  although  aK,^ 
is  quite  different  from  K/.  If  a  is  very  high  (second  inhibitor  molecule 
bound  less  tightly  than  the  first),  the  equation  reduces  to  the  usual  one 
for  noncompetitive  inhibition: 

i  =  TpT^  /3  =  0,  «  high  (3-87) 
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Finally,  if  «  has  a  value  near  unity,  an  intermediate  situation  occurs  in 
which  both  inhibitor  molecules  play  a  role  in  the  inhibition.  Comparison  of 
curve  4  with  curve  1  in  Fig.  3-19  shows  that  when  a  =  1,  the  inhibition 
will  be  appreciably  greater  than  for  the  case  where  n  =  I. 

When  /5  =  1  there  is  no  effect  on  the  enzyme  reaction  produced  by  the 
binding  of  the  first  inhibitor  molecule  and  in  this  case: 


ar 


a  +  «(!')  +  ar 


=  1 


(3-88) 


Fig.  3-19.  Plots  of  Eq.  3-84  for  different  values  of  the  constants  a  and  /3.  Curve  1: 

n^\;  curve  i:  a  =  0.1,  ^  =  1;  curve  3:  «  =  0.01,  ^3  =  1;  curve  4:  «  =  1;  /3  =  0; 

curve  5:  a  =  I,  B  =  1;  curve  6:  a  =  10;  (3  =  1. 


When  a  is  very  low  the  inhibition  becomes  high  whereas  when  a  is  high  the 
inhibition  is  reduced:  in  the  former  case  the  inhibition  is  governed  by  the 
binding  of  the  second  inhibitor  molecule  and  tends  to  follow  an  equation 
of  the  type: 

(I) 


(I)  +  ccK, 


1, 


low 


(3-89) 


and  in  the  latter  case  the  binding  of  the  second  inhibitor  molecule  is  so 
weak  that  little  inhibition  occurs.  When  a  is  around  unity,  the  inhibition 
is  generally  less  than  when  n  =  1  because  only  the  binding  of  the  second 
inhibitor  molecule  is  inhibitory  and  it  occurs  to  a  lesser  extent  than  the  first 
molecule  [the  ratio  of  (EI)/(E/)  is  more  than  (El2)/(E^)  when  a  =  1]. 
This  may  be  seen  by  comparing  curve  5  with  curve  1  in  Fig.  3-19.  The  other 
curves  given  show  the  effect  of  a  on  the  degree  of  inhibition. 
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The  most  common  values  for  a  probably  lie  between  1  and  10,  since  bind- 
ing of  one  molecule  usually  decreases  binding  of  a  second,  if  there  is  any 
effect,  and  if  a  is  much  higher  than  10  the  inhibition  generally  behaves  as 
if  there  were  only  one  inhibitor  molecule  combining.  The  most  likely  val- 
ues for  /?  are  probably  0  or  slightly  above,  since  it  is  logical  that  binding 
of  one  molecule  of  inhibitor  would  decrease  the  enzymic  rate,  if  it  didn't 
abolish  it  entirely. 


Noncompetitive    inhibition    with 


1    leads  to   (I)r 


K,  and   this 


concentration  is  often  experimentally  determined  to  calculate  K^.  If  n  =  2 
or  more,  this  no  longer  holds  and  (I)o.5  varies  over  a  wide  range  as  can  be 
observed  in  Fig.  3-19.  It  is  of  some  interest  to  compare  the  values  of  (lOo.s 
for  various  combinations  of  a  and  /?,  since  this  concentration  is  a  good  in- 
dication of  the  average  degree  of  inhibition  produced  (see  tabulation). 


(r)o.5 

Values  of  a 

^  =  0 

^3  =  0.5 

^=1 

a  =  0.2 

0.23 

0.32 

0.43 

a  =  1 

0.37 

0.71 

1.37 

a  =  5 

0.46 

1.58 

5.45 

a  =  50 

0.50 

5.00 

50.5 

Uncritical  equating  of  (I)o.5  with  K^  is  therefore  apt  to  lead  to  error,  even 
when  the  inhibition  is  of  the  pure  noncompetitive  type.  The  general  equa- 
tion for  the  inhibitor  concentration  to  produce  50%  inhibition  is: 


(Do.s   = 


-  a(l  -  2^)  +  V«'(l  -  2iS)2  -j-  2a 


(3-90) 


If  n  is  greater  than  2,  the  inhibition  equation  is  of  the  general  form: 


(!')"  (I')'  (I')" 

(1  -  m')  +  (1  -  n  -—  -f  (1  -  ^")  ^  + ...  +  (1  -  K)  ^- 

a  a  an 

(IT        (IT  (IT 

1  +  (I')  +  -L^  +  -^-  +  ...  +  ^^ 
Of  a  a„ 


(3-91) 


where  a,  a'  ...  «„  are  the  interaction  constants  for  successive  bindings  and 
/?,  /?'...  /5,j  represent  the  effects  of  successive  inhibitor  molecules  on  k. 
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The   Active   Centers    Have   Different   Intrinsic  Affinities  for  the   Inhibitor 

If  the  enzyme  possesses  more  than  one  substrate  site  and  the  inhibitor 
is  bound  with  different  affinities  at  or  near  these  sites,  the  inhibition  for 
each  site  is  given  by  the  simple  equation: 

but  the  total  inhibition  of  the  enzyme  is  not  the  sum  of  these  separate 
inhibitions,  i.e.,  i  7^  i-^  +  t'.^  -|-  ...  +  r„.  The  inhibition  is  obtained  by  di- 
viding the  sum  of  the  inhibitor-bound  sites  of  each  type  by  the  total  number 
of  sites  on  the  enzyme: 


1 


/(,(I)       ,       n,{l)       ^        ,       n,{l) 


(I)  +  K,        (I)  +  K,  '    (I)  +  K, 


(3-93) 


if  there  are  p  types  of  sites  with  different  iiC/s,  if  n^,  n.^ ...  n^  are  the  num- 
bers of  sites  of  each  type  per  molecule,  and  where  n  =  n^  +  n.^,  +  ...  +  n^. 
For  competitive  inhibition  the  K/s  are  simply  multiplied  by  1  +  [(S)/^J 
if  the  Kg  is  the  same  for  each  site.  If  there  are  only  two  different  types  of 
sites  (p  =  2)  and  if  they  are  in  equal  number  on  the  enzyme,  (I)o  5  =  K^^K^^, 
so  that  this  may  also  introduce  an  error  in  equating  (I)o  5  with  K^.  In  this 
case  also,  the  over-all  inhibition  will  be  one-half  the  sum  of  the  individual 
inhibitions  for  the  two  sites. 

The  Active  Centers  Are   Not  Independent 

When  the  enzyme  possesses  more  than  one  active  center,  each  with  the 
same  affinity  for  the  inhibitor,  so  situated  that  the  binding  of  inhibitor 
alters  the  affinity  of  adjacent  groups  for  the  inhibitor,  the  kinetics  of  inhi- 
bition deviate  from  those  where  the  sites  are  independent.  Let  us  first 
consider  the  situation  in  which  there  are  two  interactive  centers  on  the 
enzyme.  The  problem  is  not  inherently  different  from  that  for  the  disso- 
ciation of  dicarboxylic  acids,  where  association  of  an  H+  with  one  carboxy- 
late  ion  leads  to  a  change  in  the  K^  of  the  second  group. 

In  the  case  of  dibasic  acids  the  macroscopic  dissociation  constants,  ob- 
tained from  titration  data,  always  differ  by  a  factor  of  4  or  more;  i.e., 
K^  jK^^  =  4  when  there  is  no  interaction  between  groups  and  more  than 
4  if  there  is  interaction.  This  is  a  statistical  factor  and  is  due  to  the  fact  that 
the  first  hydrogen  ion  may  dissociate  from,  either  carboxylic  group  and 
the  second  hydrogen  ion  may  associate  with  either  carboxylate  ion.  How- 
ever, this  factor  does  not  enter  into  enzyme  formulations  since  (E,)  is 
not  the  concentration  of  enzyme  molecules  but  of  active  centers,  whereas 
for  dicarboxylic  acids  the  concentration  of  acid  refers  to  the  entire  molecule 
and  not  the  individual  groups.  Thus  the  dissociation  constants  used  here 
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are  really  intrinsic  or  microscopic  constants,  although  we  designate  them 
by  K^  rather  than  k,  so  that  they  will  not  be  confused  with  rate  constants. 
An  excellent  treatment  of  polyvalent  molecules  and  the  dissociation  be- 
havior of  both  independent  and  interactive  groups  is  given  by  Edsall  and 
Wyman  (1958,  p.  477). 

The  binding  of  one  inhibitor  molecule  is  assumed  to  change  the  dissocia- 
tion constant  of  the  second  site  to  aK^.  The  situation  is  similar  to  that 
discussed  above  where  there  are  two  independent  sites  with  constants  K^ 
and  aK^.  The  inhibition  is  thus  given  by: 

(3-94) 


1 

[(I)   +  Z,        (I)  +   aK,\ 

Y 

The  reactions  involved  may  be  represented  as  follows: 


R.I    ^  «=  ^«.       R.    ^         '^^   ^.         R, 


E  A'         E 

E^  E^  E^       +P         (3.95) 

"A,       E  A,       E 

^R,I  ^R,S 

The  complexes  ERjIS  and  ERglS  can,  of  course,  be  formed  since  non- 
competitive inhibition  is  assumed  but,  inasmuch  as  they  are  inactive,  they 
will  not  alter  the  kinetics.  Furthermore,  any  interaction  between  the  sub- 
strate sites,  altering  K^.,  will  not  influence  this  type  of  inhibition.  If  the 
inhibition  is  competitive  the  situation  is  expressed  by  Eq.  3-95,  but  when 
substrate  site  interaction  occurs,  an  additional  constant  is  introduced.  When 
there  are  more  than  two  sites  an  equation  of  the  type  3-93  may  be  used. 

The  variation  in  inhibition  with  a  in  plotted  in  Fig.  3-20.  Whatever  the 
inhibition  produced  by  a  certain  inhibitor  concentration  when  the  sites 
are  independent  {a  =  1),  increasing  the  repulsion  interaction  (a  >  1) 
will  reduce  the  inhibition  progressively  to  one-half  the  initial  value.  The 
inhibitor  concentration  for  50%  inhibition  is  given  by  (I)o.5  =  K^\  a  so 
that  this  interaction  factor  can  also  lead  to  significant  deviation  of  (I)o.5 
from  K^. 

THE  INHIBITOR  IS  ALSO  A  SUBSTRATE  FOR  THE   ENZYME 

In  certain  inhibitions,  usually  competitive  and  with  an  inhibitor  related 
structurally  to  the  substrate,  the  inhibitor  may  be  acted  upon  by  the  en- 
zyme. If  only  one  of  these  reactions  is  determined,  Eqs.  3-12  and  3-13  for 
competitive  inhibition  are  applicable  since  the  inhibitor  slows  down  the 
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substrate  reaction  by  reducing  the  available  substrate  sites.  However,  if 
both  reactions  are  determined  together  (e.g.,  when  the  products  measured 
are  identical  for  each  reaction  or  both  products  absorb  similarly  in  a  spectro- 


FiG.    3-20.    Variation   of   the    fractional    inhibition    with    varying 

interaction  of  two  adjacent  active  centers  (Eq.  3-94).  Ki  —  O.l  mM 

and  (I)  =  0.1  raJ/. 

photometric  determination)  the  inhibition  is  more  complex.  The  reactions 
to  be  considered  are: 

E+S^ES^E+P,  (3-96) 


E  +  I  ^  EI  -4  E  +  P, 


(3-97) 


The  over-all  rate  is  the  sum  of  the  individual  rates  when  both  substrate 
and  inhibitor  are  present: 

F,(S')  +  VAl') 


''  =  '^  -^'^       1+  (S')  +  (D 
and  the  inhibition  relative  to  the  rate  with  substrate  alone  is: 


(P) 

(P)  +  1  +  (S') 


1 


F 

pXs 


(3-98) 


(3-99) 


98  3.    KINETICS    OF   ENZYME    INHIBITION 

The  inhibition  is  thus  less  than  for  the  usual  competitive  situation  where 
the  inhibitor  is  stable  and,  since  VJV,  =  kjjk,,  the  reduction  factor  in 
the  numerator  is  [1  +  1/(S')]  kjk,.  If  the  ratio  kjkg  is  quite  low,  as  it  of- 
ten is,  the  behavior  approaches  that  of  typical  competitive  inhibition. 
However,  k^  may  be  comparable  to  k^,  or  even  greater,  in  which  case  it  is 
better  to  consider  both  reactants  as  substrates,  since  the  inhibition  Eq. 
3-99  will  not  apply,  the  over-all  rate  being  greater  than  for  substrate. 
In  fact,Eq.  3-99  is  valid  only  when  k,lk,  <  (S')/[(S')  +  1]. 

The  ratio  KjIKg  may  sometimes  be  determined  by  measurements  made 
on  the  maximal  rates.  If  (I)  =  (S),  Eq.  3-98  leads  to  an  expression  for  the 
maximal  rate  in  the  equimolar  mixture: 

F,„  =  [VJK,  -  V^IK,]  /  [IIK,  +  I  IK,]  (3-100) 

from  which  it  follows  that: 


K  V    -  V 


(3-101) 


and  thus  the  ratio  of  the  affinities  may  be  calculated  from  determinations 
of  the  maximal  rates  with  substrate  alone,  inhibitor  alone,  and  both  in 
equimolar  proportions. 

An  interesting  example  of  such  inhibition  is  provided  by  sweet  potato 
phosphatase  where  various  combinations  of  glycerate-3-phosphate,  pyro- 
phosphate, phenyl-phosphate,  ATP,  and  other  phosphates  give  kinetics 
in  accord  with  the  treatment  above  (Ito  et  al.,  1955).  All  of  these  substances 
give  values  of  K,  or  K^  in  the  same  range  and  compete  with  one  another 
for  the  same  active  center. 


SOME  FACTORS  OCCASIONALLY  IMPORTANT  IN 
INHIBITION 

Many  factors  may  modify  the  formulations  of  inhibition  kinetics  as  they 
have  been  presented  in  this  chapter.  Of  particular  importance  are  pH,  ion- 
ic strength,  buffer  effects,  temperature,  purity  of  the  enzyme,  and  similar 
factors;  these  will  be  considered  in  Chapters  14  and  15.  However,  there  are 
some  aspects  which  may  profitably  be  discussed  at  this  point. 

The  Enzyme  Becomes  Progressively  Inactivated   during  the   Reaction 

The  determination  of  reaction  rates  and  inhibition  requires  measurement 
of  some  quantity  over  an  interval  of  time,  occasionally  only  a  few  minutes 
but  often  an  hour  or  longer.  During  this  interval  the  enzyme  may  be  pro- 
gressively inactivated  either  spontaneously  or  as  the  result  of  secondary 


FACTORS  IMPORTANT  IN  INHIBITION  99 

reactions  of  the  inhibitor.  This  means  that  the  concentration  of  active 
enzyme  (E^)  is  decreasing  during  the  experimental  interval,  often  resulting 
in  significant  deviation  from  inhibition  kinetics  in  systems  where  the 
enzyme  is  stable.  Certain  isolated  enzymes  are  unstable  under  the  condi- 
tions for  the  determination  of  enzyme  rate  since  they  are  operating  in  an 
environment  abnormal  compared  to  their  intracellular  state.  Many  en- 
zymes may  be  reasonably  stable  at  low  temperatures  but  are  inactivated  at 
a  rather  rapid  rate  at  37-38"  when  isolated.  Inhibitors,  especially  those 
reacting  chemically  with  protein  groups,  may  induce  a  characteristic  inhi- 
bition at  or  near  the  active  center  but  in  addition  may  alter  the  protein 
structure,  or  denature,  which  will  secondarily  affect  the  enzymic  activity. 
If  the  decrease  in  active  enzyme  concentration  is  linear,  or  approximately 
so  over  the  experimental  interval,  there  will  be  no  effect  on  the  inhibition 
measured  for  this  interval  if  the  enzyme  inactivation  is  spontaneous  and 
occurs  at  the  same  rate  in  the  presence  and  absence  of  the  inhibitor,  since 
both  uninhibited  and  inhibited  rates  will  be  similarly  affected,  but  if  the 
inactivation  occurs  only  in  the  presence  of  the  inhibitor,  the  inhibition 
is  changed  according  to  the  following  equation: 

•       (D  +  1/2  [1  -  {Vm'lVJ]  .„  ,... 

^  = ^p^^p^^ (3- 102) 

where  F„;  is  the  initial  maximal  rate  and  F,,/  is  the  maximal  rate  at 
the  end  of  the  experimental  period.  F,„  and  F„/  are,  of  course,  proportio- 
nal to  the  concentrations  of  active  enzyme  at  the  two  times.  Thus  a  non- 
competitive inhibition  of  50%  by  (F)  would  be  raised  to  62.5%  if  half  the 
enzyme  were  inactivated  during  the  experimental  interval.  Determination 
of  K^  may  be  incorrect  under  such  circumstances.  Indeed,  (I)o.5  =  (Vy/ 1 
V^)K^  so  that  the  determined  K^  may  be  in  error  by  the  ratio  of  final  to 
initial  active  enzyme  concentration.  If  the  decrease  in  (E^)  is  nonlinear,  the 
expression  for  the  over-all  inhibition  is  more,  complex;  however,  if  the  inac- 
tivation is  first-order  or  logarithmic,  it  is  clear  that  the  effect  on  the  inhi- 
bition will  be  even  greater  than  for  the  linear  inactivation. 

It  is  well  to  bear  such  effects  in  mind  in  much  inhibition  study  but  it 
must  be  admitted  that  it  is  usually  difficult  to  demonstrate  such  secondary 
inactivation  if  it  is  due  to  the  enzyme,  much  less  plot  its  time  course. 
Ideally  one  would  like  to  be  able  to  determine  the  concentration  of  active 
enzyme  at  the  termination  of  the  experimental  interval,  but  it  is  not  possi- 
ble to  remove  the  inhibitor  from  the  enzyme  immediately,  especially  those 
inhibitors  likely  to  produce  secondary  inactivation.  However,  if  Ijv^  is 
plotted  against  (I)  (see  Chapter  5),  the  true  K^  can  be  determined;  substi- 
tution of  this  value  into  the  usual  inhibition  equation  (enzyme  is  stable) 
will  demonstrate  any  deviation  and  enable  Vy,/  IV„^  to  be  calculated  approx- 
imately. Or  the  inhibitor  concentration  corresponding  to  the  determined 
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K^  can  be  tested  and  deviation  from  50%  inhibition  may  indicate  enzyme 
inactivation.  Similar  procedures  may  be  undertaken  for  competitive  in- 
hibition. 

The  Inhibitor  Is  Progressively  Destroyed  during  the   Reaction 

The  situation  here  is  relatively  simple  since  the  rate  of  destruction  of 
the  inhibitor  can  usually  be  determined,  whether  it  is  spontaneous  or  due 
to  the  enzyme  preparation,  and  from  this  rate  of  destruction  the  inhibition 
at  any  time  or  over  an  experimental  interval  may  be  calculated.  However, 
if  a  change  in  inhibitor  concentration  is  not  recognized,  the  kinetic  analy- 
sis may  be  in  error.  In  a  plot  of  \ji\  against  (I),  for  example,  the  slope  will 
be  changed  (because  initial  inhibitor  concentrations  will  be  plotted  where- 
as the  actual  concentrations  will  be  lower  than  these)  but  the  intercept 
will  not,  and  therefore  the  calculated  K^  will  be  incorrect.  If  the  inhibitor 
concentration  decreases  at  an  approximately  linear  rate,  the  inhibition 
over  the  experimental  interval  is  given  by: 

^    ^  (3-103) 


(F)  +  [2/(1  +  r)] 

where  r  =  {V)jJ{1')q,  {V)q  and  (I')/  being  the  initial  and  final  inhibitor 
concentrations.  (I)(,5  is  equal  to  [2/(1  +  ^)]jK^i  for  noncompetitive  inhi- 
bition. 

Inhibition  of  Forward  and  Backward  Reactions 

It  might  appear,  on  the  basis  of  simple  chemical  reactions,  that  inhibi- 
tion would  be  produced  equally  on  the  forward  and  reverse  reactions,  since 
both  forward  and  reverse  rate  constants  must  be  changed  equally  if  the 
over-all  equilibrium  is  to  be  unaffected.  However,  in  enzyme  reactions  the 
over-all  equilibrium  depends  often  on  many  rate  constants  and  these  may 
be  changed  in  a  great  variety  of  ways  without  altering  the  equilibrium.  If 
either  mechanism 

E+S^EX^E+P  (3-104) 

or 

E +S;=±ES^EP^E  -fP  (3-105) 

k_i  A'_2  A'_3 

applies,  the  forward  and  reverse  rates  are  given  by: 

^      F.(S)  ^      F,(P) 

""'        (S)  +  K,  ""'       (?)  +  K, 
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where  K,  and  Kp  refer  to  either  dissociation  or  Michaelis  constants  depend- 
ing on  the  conditions.  The  inhibition  of  forward  and  reverse  reactions  in 
the  noncompetitive  case  would  be: 

.    _   _(I) .    ^         (I) 

and  if  =  i^  since  the  K^s  must  be  equal,  the  binding  of  the  inhibitor  being 
unaffected  by  the  presence  of  either  substrate  or  product.  Thus  noncom- 
petitive inhibition  is  the  same  in  both  directions.  Competitive  inhibition  is 
expressed  by: 

.     _   (I) .    _  (I) (3  IQg. 

''  ~  (I)  -I-  K,^  [1  -1-  {S)IK,]  ''       (I)  +  K,^  [1  +  (P)/^.] 

and  it  is  evident  that  if  will  generally  not  equal  i.,  because  competition  of 
the  inhibitor  with  substrate  will  usually  be  different  from  that  with  pro- 
duct. This  applies  to  mechanism  3-105  where  there  may  be  different  sites 
for  binding  of  substrate  and  product;  if  they  are  bound  at  the  same  site, 
as  in  3-104,  K,  =  K,  but  K,  and  K,,  may  be  different.  In  partially  com- 
petitive  inhibition  or  mixed  inhibition  K^  may  differ  from  K^  also. 

One  may  demonstrate  various  differential  degrees  of  inhibition  by  taking 
the  general  values  of  the  constants  for  mechanism  3-105  (see  Eq.  2-18) 
and  assigning  various  values  to  the  rate  constants  for  the  uninhibited  and 
inhibited  reactions,  bearing  in  mind  that  Eq.  2-19  imposes  certain  restric- 
tions if  the  over-all  equilibrium  is  to  remain  unaffected.  Some  examples 
are  given  in  Table  3-1  to  illustrate  possible  types  of  inhibition.  It  is  possible 
that  the  reaction  in  one  direction  is  inhibited  while  that  in  the  other  direc- 
tion is  accelerated.  There  is  little  basis  for  prediction  of  the  behavior  in  any 
system  unless  all  the  constants  and  the  changes  in  them  induced  by  the 
inhibitor  are  known. 

If  the  inhibitor  combines  with  either  the  substrate  or  the  product,  this 
naturally  leads  to  a  specific  inhibition  of  one  direction  of  the  reaction.  This 
may  be  a  factor  even  though  it  is  not  the  primary  mechanism  of  the  inhi- 
bition. 

Inhibition  of  Acceptor  Reduction 

It  is  a  common  procedure  to  measure  the  rate  of  an  oxidation  reaction 
by  a  determination  of  the  reduction  rate  of  some  coenzyme  or  dye.  Much 
work  on  dehydrogenases  has  been  done  using  methylene  blue  as  a  hydrogen- 
acceptor  and  within  the  past  few  years  a  number  of  versatile  acceptors  have 
been  introduced  into  enzymology.  Certain  problems  may  arise  in  connec- 
tion with  inhibitor  study.  The  dye  usually  does  not  accept  directly  from 
the  substrate  but  from  one  of  the  enzyme  components  in  the  transport  se- 
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Table  3-1 
Effect  of  Inhibitors  on  the  Forward  and  Reverse  Reactions" 


h 

Km 

s 

Km 

I 

if 


Mechanism  3-104 


Uninhibited       Inhibited 


10-3 
10-8 


10-^ 

io-« 

10-3 

10-3 

10-3 

1 


10-4 

10-8 


10-10 

io-« 

10-^ 
10-* 
10-* 
10-2 
0.82 
0.10 


Mechanism  3-105 


Uninhibited       Inhibited 


10-* 
10-' 
10-5 

io-« 

10-' 
10-3 
10-3 
10-* 
10-3 
10-* 


10-* 
10-' 
10-s 

io-« 

10-8 

10-* 

10-3 

10-* 
1.83x10-* 
1.81x10-* 

0.83 

0.07 


Inhibited 


10-* 
10-' 

io-« 

10-6 

io-« 

10-* 

10-3 

10-2 
1.75x10-3 
1.89x10-3 

0.33 
-2.11 


"  Kg  and  A'j,  are  true  dissociation  constants  whereas  K^    and  Km    are  Michaelis 

s  p 

constants.  In  all  cases  (S)  =  (P)  =  10-3  31.  The  negative  vakie  of  v  in  the  last  column 
indicates  stimulation. 


quence;  different  dyes  may  accept  from  different  components,  as  illustrat- 
ed in  the  following  diagram  where  the  hydrogen-atom  or  electron  path  is 
indicated  by  arrows: 


oMn 


X,  ->  X, 

\ 

D 


X. 


\ 


(3-107) 


D' 


The  various  components  of  the  enzyme  complex  (X^,  X2,  etc.)  may  be 
bound  metal  ions,  flavine  dinucleotides,  nicotinamide  dinucleotides,  or 
any  substance  that  is  oxidized  and  reduced  in  the  transport.  An  inhibitor 
may  depress  the  rate  markedly  when  one  dye  is  used  and  scarcely  at  all 
with  another  dye;  such  would  be  the  case  if  the  inhibitor  interfered  with 
either  component  X2  or  X3  above,  reduction  of  D'  being  inhibited  without 
action  on  D  reduction.  Heavy  metal  chelating  agents,  such  as  1,10-phe- 
nanthroline,  inhibit  potently  the  reduction  of  triphenyltetrazolium  dyes 
by  several  dehydrogenase  systems  but  have  little  effect  on  reduction  of 
dichlorophenol-indophenol.  Since  a  great  deal  of  work  has  been  published 
on  "  dehydrogenase  "  inhibition  using  the  dye  reduction  technique,  it  is 
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important  to  realize  that  the  nature  of  the  dehydrogenase  has  been  defined 
by  the  dye  used.  Unfortunately  it  is  not  known  from  what  components  most 
dyes  accept  hydrogen-atoms  or  electrons. 

The  final  transfer  to  the  dye  is  generally  a  reaction  that  is  nonbiological 
in  the  sense  that  it  replaces  another  transfer  reaction  occurring  in  the  intact 
system.  An  inhibitor  may  possibly  interfere  with  the  dye  reduction  and 
yet  exert  no  action,  or  a  different  type  of  action,  on  the  normal  transfer 
sequence.  That  the  final  dye  reduction  step  is  involved  in  the  kinetics  and 
may  often  be  limiting  is  indicated  by  the  fact  that  the  over-all  rate  is  often 
dependent  on  dye  concentration  and  that  different  dyes  lead  to  greatly 
different  over-all  rates.  The  inhibitor  may  compete  with  the  dye,  in  which 
case  the  dissociation  constant  of  the  enzyme-dye  complex  is  involved.  It 
is  also  possible  that  the  flow  of  hydrogen-atoms  or  electrons  is  not  exclu- 
sively to  the  dye;  in  mechanism  3-107  the  acceptor  D  competes  with  com- 
ponent X2  and  division  of  the  flow  will  depend  on  several  factors.  Such  a 
possibility  is  often  circumvented  by  using  anaerobic  conditions  or  inhibit- 
ing the  reaction  to  oxygen  with  cyanide.  It  is  preferable,  whenever  possible, 
to  determine  the  reduction  of  some  normal  component  but,  even  here,  the 
situation  may  not  be  simple;  the  reduction  of  added  DPN+,  for  example, 
may  be  inhibited  differently  than  the  reduction  of  tightly-bound  DPN+. 

Calculation  of  the  inhibition  has  often  been  made  from  an  equation  of 
the  type: 

.    aiQ  -  ait,,) 


aits) 


(3-108) 


where  t,  is  the  time  required  for  a  specified  amount  of  dye  reduction  in  the 
presence  of  the  substrate  and  ^j,  is  the  time  when  both  substrate  and  inhibi- 
tor are  present.  This  equation  involves  two  assumptions:  (a)  that  the  rate 
of  the  reaction  is  inversely  proportional  to  the  time  required  to  reach  a 
certain  end-point  and  (b)  that  there  is  no  endogenous  activity.  If  the  rate 
of  dye  reduction  is  linear  or  if  reduced  dye  appears  exponentially  as  the 
substrate  is  oxidized,  according  to  the  equation  (DH2)  =  (So){l  —  e^^O 
where  (So)  is  the  initial  substrate  concentration,  Ijt  is  proportional  to  the 
rate  but  this  need  not  be  so  in  all  cases;  this  point  should  be  verified  under 
the  experimental  conditions  employed.  With  regard  to  the  second  assump- 
tion, it  is  always  necessary  to  introduce  two  other  measurements,  unless 
they  can  be  shown  to  be  unimportant.  The  correct  equation  for  the  inhi- 
bition is: 

ri  ^   1        ri  in/ri  ^    1 

(3-109) 

where  t^  is  the  time  required  in  the  absence  of  substrate  (endogenous)  and  t^ 
is  the  time  in  the  presence  of  only  the  inhibitor.  These  two  terms  correct  for 
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1  ' 

'  1 
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'  1 

1 

ts 
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ti 

ts 

to 
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the  endogenous  rate  and  the  effect  of  the  inhibitor  upon  it.  An  example  of 
the  use  of  this  equation  is  given  by  Euler  (1942)  in  a  study  of  competitive 
inhibition  of  dehydrogenases. 

EXPRESSION    AND    INTERPRETATION    OF    INHIBITION 

Recording  of  the  inhibition  merely  as  the  fractional  inhibition  i  or  the 
per  cent  inhibition  is  never  illuminating  with  respect  to  the  mechanism  of 
the  inhibition.  Even  the  determination  of  a  constant  characteristic  of  the 
inhibition,  such  as  K^,  is  not  generally  indicative  of  the  manner  in  which 
the  inhibitor  exerts  its  action.  Various  ways  of  expressing  inhibition  will 
be  discussed  in  this  section  and  a  few  aspects  of  the  molecular  interpreta- 
tion of  inhibition  kinetics  will  be  mentioned. 

The  Ratio  K^IK/  for  Competitive  Inhibition 

The  degree  of  inhibition  in  a  competitive  system  does  not  depend  only 
on  K^  but  on  the  ratio  of  the  substrate  and  inhibitor  constants,  i.e.,  the 
relative  affinities  for  the  enzyme.  This  may  be  seen  by  transposing  the  rate 
Eq.  3-12  for  competitive  inhibition  to: 

--^~(S)H-A-.f(I)(i../^.,  '^•"°' 

wherein  the  deviation  from  uninhibited  Michaelis-Menten  behavior  is  given 
by  the  term  (I)  [KJK^).  In  deriving  Eq.  3-12  an  equilibrium  system  was 
assumed  but  in  general  it  is  more  correct  to  use  K^JK^.  Now,  although  it 
is  K„,IKi  that  determines  the  inhibition  at  any  inhibitor  concentration, 
this  ratio  does  not  necessarily  provide  a  measure  of  the  relative  affinities. 
It  is  often  of  interest  to  calculate  the  relative  binding  energies  of  substrate 
and  inhibitor  but  this  can  be  done  only  from  KJK^.  When  the  proper 
reciprocal  plots  are  made,  the  iiC/s  derived  are  true  dissociation  constants, 
but  the  KJs  may  not  be.  Uncritical  comparison  of  K^  with  K,,^  leads  to 
no  valid  conclusions  about  molecular  events  or  the  energetics  of  the  reac- 
tion. It  is  quite  simple  to  determine  K„JK^,  either  by  determining  each 
constant  separately  or  directly  (see  Chapter  5),  but  in  few  studies  of  inhi- 
bition is  one  certain  of  the  more  important  ratio.  Sometimes  it  is  not  too 
difficult  to  determine  the  individual  rate  constants  if  K„,  =  {k_-^  +  J<:2)IK 
or  adjust  the  conditions  so  that  K„j  =  K^.  For  example,  if  one  can  reduce 
A',  by  some  means,  it  is  possible  by  extrapolation  to  arrive  at  k^-^jk^,  as  was 
done  by  Thorn  (1953)  for  the  malonate  inhibition  of  succinic  dehydrogenase. 
The  F,„  was  varied  by  using  different  concentrations  of  the  dye  acceptor, 
methylene  blue,  and  this  was  plotted  against  KJK^\  the  intercept  on  the 
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K,JKi  axis  was  interpreted  to  indicate  the  value  of  KJK^  since  at  this 
point  V  and  hence  ko  would  be  zero.  A  similar  method  was  suggested  by 
Slater  (1955)  and  the  ensuing  discussions  of  this  procedure  and  its  limita- 
tions should  be  consulted  (Slater,  1955,  pp.  301-308).  The  important  point 
is  that  KyJK^  is  frequently  meaningless  and  varies  widely  with  the  con- 
ditions of  the  experiment.  The  affinity  ratio  KJE^  is  however  interpre- 
table  thermodynamically  and  from  it  can  be  calculated  the  difference  in 
free  energy  of  binding  of  substrate  and  inhibitor. 

Reaction  of  the  inhibitor  with  the  substrate  or  with  the  enzyme-coenzyme 
complex  leads  to  types  of  inhibition  superficially  competitive.  If  such  me- 
chanisms are  not  recognized,  the  determined  K/s  will  bear  no  physical 
relationship  to  the  KJs  and  the  ratio  KJK^  is  meaningless.  In  partially 
competitive  and  mixed  inhibitions,  K^  is  altered  by  the  binding  of  substrate 
to  the  same  degree  that  Kg  is  altered  by  inhibitor;  the  determined  K^  may 
thus  not  represent  the  true  dissociation  constant  of  the  EI  complex  if 
certain  methods  of  evaluating  the  constants  are  used  (see  Chapter  5). 

Variation  of  K,  with  the  Nature  of  the  Substrate  in  Competitive  Inhibition 

According  to  the  classic  formulation  of  competitive  inhibition,  the  value 
of  Ki,  as  determined  by  the  various  graphical  procedures,  should  be  inde- 
pendent of  the  substrate  used  for  a  particular  enzyme.  However,  Klein 
(1960)  found  that  in  the  inhibition  of  pig  kidney  D-amino  acid  oxidase  by 
benzoate,  determinations  of  K^  from  \li\  —  1(S)  plots  led  to  different 
values  for  each  substrate  (see  tabulation).  Furthermore,  there  appears  to 


Substrate 

Relative   V^ 

(mif) 

[mM) 

Alanine 

1.00 

6.3 

0.059 

Proline 

1.66 

5.8 

0.070 

Phenylalanine 

1.39 

14.0 

0.092 

Valine 

0.60 

4.6 

0.096 

Isoleucine 

0.79 

4.1 

0.104 

Methionine 

1.32 

5.3 

0.163 

be  no  correlation  between  K^  and  either  F„;  or  K^.  One  possible  explana- 
tion for  this  behavior  was  suggested.  If  the  inhibitor  reacts  only  with  the 
ES  complex  to  release  S: 


ES  +  1  — EI  +S 


K,- 


(ES)(I) 
(EI)(S) 


(3-111) 
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the  formation  of  EI  would  depend  on  the  particular  ES  involved.  The  rate 
equation  is  the  same  but  {l)KJKj^  is  replaced  with  {\)jK- ,  since  K-  = 
KJK^.  However,  inasmuch  as  the  slopes  of  the  ljv^  —  1(S)  plots  would  be: 


Classic  competition:  s  =  1  + 


Reaction  with  ES: 


VJ8)    I     '      K, 
K, 


F™(S) 


(3-112) 


(3-113) 


and  since  K/K^  —  K^,  it  would  appear  that  K^  is  determined  in  either  case. 
Also  there  is  evidence  that  benzoate  does  combine  with  the  free  enzyme 
in  the  absence  of  substrate.  We  shall  see  there  are  many  reasons  why  the 
experimentally  determined  inhibitor  constant  is  not  necessarily  the  true 
dissociation  constant;  the  reason  in  the  present  case  is  unknown. 

The    Inhibition    Index 

This  term  is  conducive  to  confusion  since  it  has  been  defined  according 
to  two  unrelated  concepts.  One  definition  arose  in  the  field  of  competitive 
antagonism  of  metabolites  as  applied  to  growth  inhibition  in  microorgan- 
isms. Mcllwain  (1942)  defined  the  "  antibacterial  index  "  as  (I)/(M)  where 
(I)  is  the  concentration  of  inhibitor  that  is  just  bacteriostatic  in  the  presence 
of  metabolite  at  a  concentration  (M),  a  metabolite  here  being  either  a 
substrate  or  cofactor.  Shive  and  Macow  (1946)  related  this  more  specifically 
to  competitive  enzyme  inhibition  and  defined  the  index  as  the  ratio  (I)/(S) 
when  maximal  inhibition  occurs.  Later  workers  have  tended  to  call  this 
ratio  the  "  index  of  inhibition  "  (Albert,  1960,  p.  50)  or  "  inhibition  index  " 
(Ariens  et  al.  1955)  and  it  has  been  generally  assumed  that  this  ratio  remains 
constant  for  any  degree  of  inhibition.  Sometimes  the  inhibition  index  re- 
fers to  the  ratio  (I)/(S)  for  which  50%  inhibition  is  observed.  Albert  stated: 
"  For  each  pair  of  substances  there  will  be  a  unique  index  of  inhibition, 
which  is  defined  as  the  ratio  of  the  number  of  molecules  of  analogue  per 
molecule  of  metabolite  required  to  give  50  per  cent  inhibition."  One  of  the 
most  frequent  errors  encountered  in  work  on  antagonism  and  enzyme 
inhibition  is  the  belief  that  this  ratio  or  inhibition  index  is  constant.  In 
fact,  it  is  often  stated  that  (I)/(S)  =  KJKg.  It  is  obvious  that  this  is  not 
generally  so  and  that  the  true  expressions  are: 


(3-114) 
(3-115) 


(I) 

=  K, 

'    1            1    ■ 

[  Ks     '    (S)  J 

i 

(S) 

1  -  i 

j  (I)  j 

1  (S)  i( 

).5            ^s 

(S) 
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This  ratio  will  thus  depend  on  (S)  and  is  not  a  constant,  as  pointed  out  by 
Quesnel  (1956).  but  will  approach  KJK,  at  high  substrate  concentrations 
(generally  greater  than  5Kg)  when  the  enzyme  would  be  mainly  saturated, 
a  fact  pointed  out  by  Shive  and  Macow  for  the  antibacterial  index.  Figure 
3-21  illustrates  the  marked  changes  in  (I)/(S)  with  substrate  concentration. 
In  fact,  it  is  possible  by  plotting  (I)/(S)  against  1/(S)  for  any  chosen  degree 
of  inhibition  to  obtain  values  for  K^andK^,  as  can  be  seen  fromEq.  3-114. 
It  may  also  be  noticed  that  even  at  higher  substrate  concentrations,  (I)/(S) 
at  50%  inhibition  will  equal  KjIK,,,  in  the  general  case  and  may  not  relate 
to  the  relative  affinities  of  substrate  and  inhibitor  for  the  enzyme. 
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Fig.  3-21.  Variation  of  [(l)/(S)]o.5  '^^'ith  the  substrate  concentration  for  competitive 
inhibition.  K,=  I  mM  and  X,  =  0.1  milf . 

An  entirely  different  definition  of  the  inhibition  index  was  made  by 
Kistiakowsky  and  Shaw  (1953  a)  to  facilitate  expression  of  complex  inhi- 
bition behavior. 

V  —  Vi  i  i 


Vi  1  —  i  a 


(3-116) 


where  v  is  uninhibited  rate,  v^  the  inhibited  rate,  i  the  fractional  inhibition, 
and  a  the  fractional  activity.  The  inhibition  index  here  is  not  a  constant 
but  another  way  of  expressing  the  degree  of  inhibition. 

Noncompetitive  inhibition:       rp   =   {1)1  Ki  =  (!')  (3-117) 

Competitive  inhibition:  <p  =  ^^^—j  =  ~k)  ^^'^^^^ 
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The  advantage  of  cp  is  that  it  is  an  additive  function;  if  an  inhibitor  com- 
bines with  two  or  more  intermediates  in  an  enzyme  reaction  or  there  are 
two  or  more  noninteracting  inhibitors,  the  total  cp  can  be  expressed  as  the 
sum  of  the  individual  9?'s: 

n 

notal   ==    S    9'i  (3-119) 

»  =  l 

when  there  are  n  different  contributions  to  the  inhibition.  The  fractional 
inhibition,  of  course,  is  not  additive.  In  certain  complex  inhibitions  the 
treatment  may  thus  be  simplified,  as  in  the  inhibition  of  urease  by  thiourea 
which  is  complicated  by  inhibition  by  hydrogen  ion  and  high  concentrations 
of  urea,  as  well  as  buffer  effects.  There  is  no  particular  advantage  in  using 
the  inhibition  index  for  simple  inhibitions. 

Possible   Heterogeneity  of  Active   Centers 

It  is  generally  assumed  that  enzyme  molecules  in  a  population  are  iden- 
tical with  respect  to  the  molecular  structure  of  their  active  centers  and 
that  the  affinities  for  substrate  and  inhibitor  do  not  vary  from  molecule 
to  molecule.  Heterogeneity  however  is  not  unlikely,  at  least  in  certain  in- 
stances, since  protein  molecules  may  not  be  as  rigidly  uniform  as  more 
simple  substances.  Pauling  et  at.  (1944)  in  their  studies  on  hapten  inhibition 
of  antisera  found  that  the  results  could  be  adequately  explained  on  the 
basis  of  a  statistical  distribution  of  inhibitor  constants  among  the  antibody 
molecules.  It  is  not  suggested  that  this  is  evidence  for  heterogeneity  of  en- 
zymes but  the  theoretical  approach  made  to  antibody  group  variation  can 
be  applied  to  enzyme  inhibition  if  necessary.  The  distribution  function  is 
of  the  form: 


1 

7^=  exp 


^\/  n 


(In  K,IK,^) 


(3-120) 


where  K^  is  the  inhibitor  constant  for  a  particular  enzyme,  K^  is  the  aver- 
age inhibitor  constant  as  determined  experimentally,  and  o  is  the  hetero- 
geneity index.  It  is  possible  for  different  values  of  o  to  calculate  the  proba- 
bility of  a  particular  enzyme  having  its  Kj^  within  a  certain  range.  In  the 
tabulation  below  84%  of  the  enzyme  active  centers  will  have  K-&  within 
the  range  given.  If  cr  =  2,  84%  of  the  active  centers  will  have  X/s 
distributed  throughout  a  range  such  that  the  highest  Ki  is  approx- 
imately fifty-seven  fold  greater  than  the  lowest  and  the  difference  in 
binding  energy  of  the  inhibitor  to  the  enzyme  is  2.4  kcal/mole  be- 
tween  these   extremes   in   the    given   range;    16%    of  the  active  centers 
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o 

Range  of  A',- 

Range  of  interaction  free  energy 

1 

2 
3 
4 

0.37Z,    -2.72Z, 
O.ISK.    -  7. 48 A. 
0.05Ki    -  20.1  Ki 
0.02Ki    -  54.5Ki 

0                                0 

1.2  kcal/mole 
2.4  kcal/mole 
3.6  kcal/mole 
4.8  kcal/mole 

will  have  /il/s  outside  this  range.  The  heterogeneity  index  o  must  be 
determined  experimentally  and  in  hapten-antibody  reactions  varied  from 
1.5  to  3  usually,  with  an  average  above  2,  indicating  a  marked  degree 
of  variation;  there  is  no  basis  for  estimating  what  the  values  of  o 
may  be  for  enzymes.  It  is  possible  that  the  interpretation  of  K^  should 
be  made  on  a  statistical  basis  and  that  interaction  energies  calculated  from 
them  should  be  considered  as  average  values. 


CHAPTER  4 

SUBSTRATE  INHIBITION 
AND  PRODUCT  INHIBITION 


Many  enzymes  conform  to  Michaelis-Menten  kinetics  over  a  limited  lower 
range  of  substrate  concentration  but  deviate  at  higher  substrate  concen- 
trations in  that  the  rate  progressively  falls  off,  the  expected  maximal  rate 
not  being  attained;  indeed,  at  very  high  concentrations  of  substrate  the 
rate  may  be  reduced  almost  to  zero.  This  phenomenon  is  termed  substrate 
inibition  and  in  the  50  years  since  it  was  initially  observed  it  has  become 
increasingly  evident  that  several  mechanisms  may  be  responsible.  Inhi- 
bition of  the  rate  by  a  product  of  the  reaction  has  also  been  reported  for 
several  enzymes  and  this  is  designated  product  inhibition.  True  product 
inhibition  is  not  a  matter  of  a  shift  in  the  thermodynamic  equilibrium  be- 
tween substrate  and  product  (i.e.,  an  increase  in  the  reverse  reaction)  but 
a  specific  interference  with  the  forward  reaction.  These  types  of  inhibition 
will  be  discussed  not  only  because  of  their  inherent  importance  in  enzyme 
kinetics  and  their  possible  regulation  of  intracellular  metabolism,  but  also 
because  systems  which  exhibit  such  phenomena  demonstrate  modified  ki- 
netics in  inhibitions  produced  by  other  substances.  Thus  an  instance  of 
pure  competitive  inhibition  may  be  obscured  if  increasing  substrate  not 
only  displaces  the  inhibitor  from  the  enzyme  but  inhibits  the  reaction  itself. 

SUBSTRATE    INHIBITION 

A  variety  of  enzymes  has  been  shown  to  be  inhibited  by  substrate  and 
the  following  partial  list  will  indicate  that  this  is  a  rather  general  pheno- 
menon: xanthine  oxidase  (Dixon  and  Thurlow,  1924;  Hofstee.  1955),  fu- 
marase  (Alberty  et  al.,  1954),  lactic  dehydrogenase  (Hakala  et  al.  1956), 
/?-hydroxysteroid  dehydrogenase  (Marcus  and  Talalay,  1955),  acetylcho- 
linesterase (Myers,  1952c),  enolase  (Westhead  and  Malmstr5m,  1957),  ri- 
bonuclease  (Dickman  and  Ring,  1958),  urease  (Laidler  and  Hoare,  1949; 
Kistiakowsky  and  Shaw,  1953a),  carboxypeptidase  (Lumry  et  al.,  1951), 
lipases  (Bamann  and  Schmeller,  1929;  Murray,  1930),  diamine  oxidase 
(Zeller  et  al.,  1939),  L-amino  acid  oxidase  (Dixon  and  Webb,  1958,  p.  86), 
/3-fructofuranosidase  (Nelson  and  Schubert,  1928),  pyrophosphatase  (Bailey 
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and  Webb,  1944;  Heppel  and  Hilmoe,  1951;  Bloch-Frankenthal,  1954), 
aminoacylase  I  (Mounter  et  ah,  1958),  sucrose  transglucosylase  (Neely, 
1958),  diphosphoglyceromutase  (Joyce  and  Grisolia,  1959),  and  p-hydroxy- 
phenylpyruvate  oxidase  (Zannoni  and  La  Du,   1959). 


Possible    Mechanisms    Involved 

Before  considering  the  kinetics  of  substrate  inhibition  it  is  helpful  to 
summarize  the  most  important  mechanisms  by  which  this  type  of  inhibi- 
tion may  be  produced.  These  mechanisms  are  schematically  illustrated 
in  Fig.  4-1. 


TYPE  A 


_Bz:®. 


TYPE  B 


TYPE  C 


--%r 


A    ^^ 


TYPE  0    .^ ^  ^-~ 


TYPE  E 


Fig.  4-1.  Postulated  mechanisms  of  substrate  inhibition.  In 
type  A  it  may  be  noted  that  groups  1  and  2  may  be  identical. 
In  type  B  the  enzyme  sites  must  be  close  enough  so  that  inter- 
ference occurs.  In  type  E  the  binding  of  the  second  substrate 
molecule  is  generally  less  strong  due  to  the  poorer  fit.  See 
the  text  for  explanation. 
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A.  The  substrate  in  the  active  ES  complex  forms  a  multipoint  attach- 
ment to  the  enzyme  (i.e.,  a  substrate  molecule  is  bound  to  the  active  cen- 
ter by  two  or  more  enzyme  groups)  so  at  high  substrate  concentrations  it 
is  possible  that  two  or  more  substrate  molecules  can  be  bound  simulta- 
neously at  the  active  center.  If  multipoint  attachment  is  necessary  for 
reaction,  binding  of  the  substrate  molecules  at  the  single  binding  sites 
will  lead  to  inactive  complexes  and  a  reduction  of  available  enzyme. 

B.  The  substrate  may  combine  not  only  at  the  active  substrate  site  but 
also  at  sites  in  various  spatial  relationships  to  the  active  site,  interfering 
with  either  the  binding  of  the  substrate  in  an  active  ES  complex  or  inter- 
fering with  its  reaction  when  so  bound. 

C.  The  substrate  may  react  with  an  activator  and  at  sufficiently  high 
concentration  deplete  the  system  of  the  activator  so  that  the  enzyme 
becomes  inactive. 

D.  The  true  substrate  for  the  enzyme  may  be  a  complex  of  the  added 
substrate  with  an  activator,  in  which  case  the  added  substrate  may  com- 
pete with  this  complex  for  binding  to  the  enzyme. 

E.  The  substrate  may  interfere  with  the  binding  of  a  coenzyme  or 
acceptor  in  transfer  reactions. 

F.  The  substrate  at  high  concentrations  may  reduce  the  water  concen- 
tration and  slow  the  rate  if  water  is  one  of  the  reactants. 

G.  Increasing  substrate  concentration  may  increase  the  ionic  strength 
of  the  reaction  mixture  and  this  may  modify  the  rate  independently  of 
any  direct  or  specific  effects  of  the  substrate. 

Finally,  it  should  be  noted  that  reduction  of  rate  at  high  substrate  con- 
centrations may  be  due  not  to  the  substrate  itself  but  to  the  ions  simulta- 
neously added.  If  the  substrate  is  an  anion,  for  example,  it  is  possible  that 
the  sodium  or  potassium  ions  that  accompany  it  may  be  responsible  for 
the  inhibition,  in  which  case  the  inhibition  should  not  be  interpreted  as 
true  substrate  inhibition.  The  kinetic  behavior  of  the  system  in  any  case 
will,  of  course,  depend  on  the  mechanism  that  is  involved. 

The  inhibition  of  dog  liver  p-hydroxyphenylpyruvate  oxidase  by  excess 
substrate  (Zannoni  and  La  Du,  1959)  may  be  used  to  illustrate  what  may 
be  termed  pseudosubstrate  inhibition.  Once  the  enzyme  is  inhibited  by 
high  substrate  concentrations  it  cannot  be  reactivated  by  prolonged  dialy- 
sis, but  reducing  agents  such  as  2,6-dichlorophenol-indophenol  will  bring 
about  a  restoration  of  the  activity.  The  evidence  pointed  to  an  inhibitory 
substance  formed  from  the  substrate;  the  greater  the  substrate  concen- 
tration, the  more  of  this  substance  was  formed.  Preliminary  extraction 
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and  isolation  of  the  inhibitor  was  carried  out  and  a  number  of  possible 
products  tested  for  inhibitory  activity.  This  is  not  true  substrate  inhibi- 
tion but  could  easily  be  mistaken  for  it.  If  one  is  bent  on  demonstrating 
substrate  inhibition,  it  might  be  well  to  bear  in  mind  the  possibility  of 
an  inhibitory  product  or  intermediate,  and  to  study  carefully  the  rate  of 
development  of  the  inhibition. 

Inhibition    by    Partial    Attachment   to   Substrate   Sites   (Type   A) 

A  general  treatment  of  the  kinetics,  assuming  that  the  substrate  must 
bind  at  two  points  for  reaction,  will  be  presented  and  various  special  cases 
will  then  be  considered  as  simplifications  in  this  formulation.  The  reaction 
scheme  may  be  represented  as: 

/     -v.  7 

E  +  P 

(4-1) 


where  /?  and  y  represent  the  changes  in  binding  constant  when  the  sub- 
strate is  bound  by  only  one  group  and  a  is  the  interaction  constant  indi- 
cating the  effect  the  first  bound  substrate  molecule  has  on  the  binding  of 
the  second.  It  is  assumed  that  reaction  occurs  only  when  the  substrate  is 
bound  by  both  groups.  The  general  rate  equation  for  this  situation  is: 

-■       ^^  ^^'>  (4-2) 


"*  1  +  (S')  [1  +  i/i?  +  1/r]  -1-  (S')V«^y 

where  F,„  is  the  maximal  rate  that  would  be  attained  if  the  substrate  did 
not  bind  to  the  single  groups.  Specific  concentrations  are  used  because  it 
is  somewhat  easier  to  examine  the  effects  of  variation  in  the  constants  a, 
/5,  and  y.  The  constants  /?  and  y  will  generally  be  greater  than  unity  since 
the  substrate  will  probably  be  bound  less  tightly  to  one  group  than  to  two; 
«  will  also  usually  be  greater  than  unity  because  the  two  binding  groups 
will  be  reasonably  close  on  the  enzyme  surface  and  interaction  between 
simultaneously  bound  substrate  molecules  may  be  quite  marked. 

The  variation  in  rate  with  substrate  concentration  is  plotted  in  Figs.  4-2 
and  4-3  for  different  values  of  a.  When  a  =  1  (noncompetitive  inhibition 
by  substrate)  and  the  ESg  complex  is  readily  formed,  the  inhibition  is 
most  marked.  As  a  increases,  substrate  inhibition  becomes  less  and  less 
evident  until  a  =  co  (competitive  inhibition  by  substrate)  when  the  ESg 
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Fig.  4-2.  Variation  of  the  rate  with  the  substrate  concentration  for  type  A  substrate 
inhibition  (Eq.  4-2).  Curve  1:  /?=  x,  y  =  x  (uninhibited);  curve  2:«  =  x,^  =  y  =  5; 
curve  3:  a  =  10,  ^  =  y  =  5;  curve  4:  a  =  3,  ;8  =  y  =  5;  curve  5:  a=l,  ^  =  y  =  5. 


Fig.  4-3.  Variation  of  the  rate  with  the  substrate  concentration  for  type  A  substrate 
inhibition  (Eq.  4-2)  using  the  pS  scale.  The  vahxes  for  the  curves  are  the  same  as 

in  Fig.  4-2. 
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complex  is  not  formed  and  no  decrease  in  rate  is  found  at  high  substrate 
concentrations. 

When  a  =  CO  the  rate  may  be  less  if  the  complexes  with  single  groups 
are  formed.  In  the  curves  shown,  the  rate  in  2  is  always  less  than  in  1 
because  of  the  formation  of  the  inactive  complexes 

S 

E  and         E 

\  \ 

S 

Practically  such  inhibition  would  not  be  recognized  since  the  reciprocal 
plot  of  l/v  against  1/(S)  will  be  linear  as  in  the  uninhibited  situation  and 
the  apparent  maximal  rate  determined  from  the  intercept  will  be  related 
to  the  true  F,„  as  follows: 


1 


1   +  (1/^)  +  (1/y) 


(4-3) 


However,  the  slope  of  the  reciprocal  plot  is  KJV„^  so  that  the  use  of  F„/ 
will  introduce  an  error  in  the  determination  of  K,.  The  apparent  ^5  will 
actually  be  a  mixed  dissociation  constant.  Thus  wdien  complete  competi- 
tive substrate  inhibition  occurs,  it  will  not  be  recognized.  The  phenomenon 
termed  substrate  inhibition  will  be  observed  only  when  there  is  completely 
noncompetitive  inhibition  or  mixed  inhibition,  i.e.,  when  a  =  1  or  some 
finite  value.  There  has  been  some  confusion  in  terminology  inasmuch  as 
typical  substrate  inhibition  (where  the  rate  decreases  at  high  substrate 
concentrations)  has  been  called  competitive  (Dixon  and  Webb,  1958,  p.  83) 
whereas  by  the  usual  criteria  it  is  noncompetitive  since  the  binding  of  the 
second  substrate  molecule  is  not  prevented  but  the  rate  of  substrate  break- 
down is  reduced  to  zero. 

In  Figs.  4-2  and  4-3  the  constants  /?  and  y  have  been  assigned  arbitrary 
values  of  5,  indicating  symmetrical  binding  and  a  reduction  in  affinity 
compared  to  the  active  complex.  It  may  be  noted  that  if  the  binding  energy 
of  the  substrate  to  each  single  group  is  half  that  for  the  total  binding  in 
the  active  complex,  /?  =  7  =  l/V  Kg.  For  K,  =  10"^  M,  as  in  the  figures, 
it  is  seen  that  /5  =  7  =  31.6  and  the  inhibition  would  be  less  marked  than 
shown.  Theoretically  these  constants  may  have  any  values  from  less  than 
unity  to  infinity  and,  of  course,  will  differ  when  the  binding  sites  are  dis- 
similar. 

When  the  rate  is  plotted  against  pS,  as  in  Fig.  4-3,  substrate  inhibition 
of  the  type  here  considered  is  always  represented  by  symmetrical  bell- 
shaped  curves.  Distortion  of  the  symmetry  indicates  either  that  the  in- 
hibition is  more  complex  than  assumed  here  (e.g.,  more  than  two  substrate 
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molecules  bound)  or  occurs  by  a  different  mechanism.  The  peak  of  the 
rate  curve  is  defined  by  the  various  constants  as  follows: 

Substrate  concentration  for  maximal  rate:  (So')  =  v  a^y  (4-4) 

Maximal  rate  attained:   Vo  —  V^ .  (4-5) 

1  +ljp  +  lly  +  {2l\/aM 

The  value  of  (Sq')  is  obtained  by  differentiating  Eq.  4-2  and  setting  dvjdiS') 
=  0,  and  the  peak  rate  in  obtained  by  substituting  this  value  in  Eq.  4.2. 
The  usual  formulation  for  this  type  of  inhibition  has  been  somewhat 
different  from  that  given  above.  The  treatment  given  originally  by  Hal- 
dane  (1930,  p.  84)  and  generally  followed  by  others  (Dixon  and  Webb, 
1958,  p.  81)  assumes  that  a  second  substrate  molecule  is  bound  to  the  ES 
complex  to  inactivate: 

k 
E+S  — ES^E+P 

ES  +  S  — ESa 
by  which  it  is  meant  that  the  following  reactions  occur: 

E      +  P 

\^ ^/V^^,  (4-6) 

E 

^S 

This  differs  basically  from  the  previous  treatment  in  that  inactive  com- 
plexes of  the  enzyme  with  single  substrate  molecules  are  ignored  and  the 
only  inactive  species  is  ESg.  The  rate  equation  is  given  by: 

V  =  V    ^^ =  V     ^- (4-7) 

-  1  +  (S')  +  (S')V«  "  1  +  1/(S')  +  (S')/a  ^ 

where  the  constant  a  corresponds  to  its  previous  meaning,  representing 
the  interference  of  one  substrate  molecule  on  the  binding  of  the  second. 
Since  this  equation  is  of  the  same  general  form  as  Eq.  4-2,  it  is  impossible 
experimentally  to  distinguish  between  them  and  curves  of  similar  form 
are  predicted.  The  basic  difference  in  these  treatments  is  that  Haldane's 
expresses  the  effect  of  the  formation  of  ES2  only  while  the  present  formu- 
lation involves  also  the  inactive  ES  complexes.  In  some  respects,  it  de- 
pends on  the  choice  of  a  normal  baseline  for  the  uninhibited  system,  but  on 
the  other  hand  the  interpretation  of  the  determined  constants  will  depend 
on  the  pattern  of  reactions  assumed. 
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Inhibition  by  Attachment  to  Enzyme  Groups  Not  Involved  in  the  Active 

Complex  (Type  B) 

This  situation  presents  no  special  problems  since  the  substrate  inter- 
feres with  the  reaction  in  the  same  manner  as  the  inhibitors  discussed  in 
Chapter  3  and  the  appropriate  equations  may  be  obtained  by  substitution 
of  (S)  for  (I)  in  those  equations  and  the  replacement  of  K^  by  yK^  if  desi- 
red (see  Ijelow).  An  interesting  formulation  has  been  given  by  Friedenwald 
and  Maengwyn-Davies  (1954,  p.  180)  and  a  similar,  but  somewhat  more 
general,  treatment  may  be  made  assuming  the  following  reaction  scheme, 
in  accordance  with  Eq.  3-2: 


SE  +   P 


(4-8) 


where  ES  is  the  reactive  complex  and  SE  the  complex  that  inhibits  either 
the  formation  or  reactivity  of  ES.  The  rate  equations  for  different  types 
of  interference  are: 


Completely  competitive  (a  =  oo): 


V    =     Vr, 


1 


1  +  1/(S')  +  1/y 
Partially  competitive  {co  >  a  >  \,  fi  =  \): 

V  =  F™. 


1 


1  +  a/(S') 


[(S')  +  y] 
[(S')   +  ay] 


(4-9) 


(4-10) 


Completely  noncompetitive  (a  =  1,  /9  =  0): 

V  =  V 


1 


1  +  1/(S')  +  1/y  +  (S')/y 
Partially  noncompetitive  (a  =  l,  0<^<1): 

v  =  F. 


1 


(^/y)  (S') 


Coupling  (uncompetitive)  {a  =  0): 


V  =  F. 


1  +  1/(S')  +  1/y  +  (S')/y 


1 


1  -h  1/(S')  +  (S')/ay 


(4-11) 


(4-12) 


(4-13) 
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It  is  likely  that  the  majority  of  inhibitions  will  be  noncompetitive  inas- 
much as  secondary  groups  in  the  active  center  that  would  bind  the  sub- 
strate in  inactive  complexes  must  be  uncommon.  Noncompetitive  and  coup- 
ling inhibition  lead  to  equations  indistinguishable  experimentally  from  those 
of  type  A  inhibition  (Eqs.  4-2  and  4-7),  so  that  the  interpretation  of  the  de- 
termined constants  is  arbitrary  unless  additional  evidence  indicates  the 
mechanism.  It  may  be  noted  that  the  usual  formulation  of  type  A  inhi- 
bition by  Haldane  is  essentially  identical  to  coupling  inhibition  of  type  B 
as  far  as  kinetics  are  concerned.  The  rate-pS  curves  for  the  major  types  of 
inhibition  are  shown  in  Fig.  4-4  and  the  effect  of  variation  in  affinity  for 
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Fig.  4-4.  Variation  of  the  rate  with  the  substrate  concentration  for  type  B  sub- 
strate inhibition  of  different  kinds  (scheme  4-8).  V  .^  =  100,  K^^\  m.M,  and  y  =  2. 
Curve    1:   competitive   inhibition;   curve   2:   noncompetitive   inhibition;   curve   3: 

coupling  inhibition. 

the  inhibiting  substrate  molecule  is  illustrated  in  Fig.  4-5  for  noncompeti- 
tive inhibition.  The  shift  in  peak  upwards  and  to  higher  substrate  con- 
centrations with  decreasing  affinity  is  evident.  Inhibition  has  been  con- 
sidered only  with  respect  to  interference  with  substrate,  but  a  second  mol- 
ecule of  substrate  can  also,  of  course,  interfere  with  the  binding  or  reacti- 
vity of  a  coenzyme,  activator,  or  acceptor.  The  appropriate  rate  equation 
can  be  obtained  by  simple  substitutions  in  the  equations  given  in  the  pre- 
vious chapter. 

If  the  rate  at  high  substrate  concentrations  does  not  continue  to  fall 
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towards  zero  but  levels  off  at  a  finite  value  as  the  concentration  of  sub- 
strate is  increased,  this  implies  that  the  SES  complex  can  break  down  to 
form  the  product  and  that  the  inhibition  is  partially  noncompetitive.  It 
may  be  seen  from  Eq.  4-12  that  at  high  substrate  concentrations,  the  rate 
is  given  by  v  =  /5F,„.  This  situation  occurs,  for  example,  in  the  case  of  car- 
boxypeptidase  (Lumry  et  al.  1951).  Such  systems  have  been  discussed  by 
Laidler  (1958,  p.  71)  and  Reiner  (1959,  p.  67). 

Very  few  attempts  have  been  made  to  distinguish  between  type  A  and 
type  B  mechanisms.  The  work  of  Hofstee  (1955)  is  notable  in  this  respect. 


Fig.  4-5.  Variation  of  the  rate  with  the  substrate  concentration  for  completely 
noncompetitive  type  B  substrate  inhibition  (Eq.  4-11).  /C,  =  1  vaM  and  F^  =  100. 
Curve  1:  y  =  1;  curve  2:  y  =  3;  curve  3:  y  =  10;  curve  4:  y  =  30;  curve  5:  y  =  100. 

He  showed  for  xanthine  oxidase  that  kinetic  data  using  substrate  alone 
are  insufficient  to  determine  the  nature  of  the  inhibition.  However,  by 
the  use  of  the  competitive  inhibitor  isoxanthopterin  he  was  able  to  distin- 
guish between  the  two  mechanisms  (see  p.  137).  It  was  concluded  that  a 
noncompetitive  type  B  inhibition  was  most  likely,  with  J^^  =  2  X  10"^  M, 
y  =  50,  F,„  =  6.5,  and  v^  —  5.1.  The  binding  of  two  xanthine  molecules 
was  believed  to  occur  independently  at  distinct  groups  on  the  enzyme; 
one  group  was  responsible  for  the  binding  and  activation  of  the  xanthine, 
while  the  other  was  necessary  in  the  oxidation  but  not  involved  in  the  bind- 
ing. If  this  is  correct,  y  does  not  represent  an  interaction  constant  but 
merely  the  difference  in  binding  between  the  two  groups.  Isoxanthopterin 
competes  with  xanthine  for  the  active  group  but  not  for  the  auxiliary  group; 
if  the  substrate  inhibition  had  been  of  type  A,  isoxanthopterin  would  prob- 
ably compete  with  both  substrate  molecules. 
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These  conclusions  are  supported  by  the  results  of  Fridovich  and  Handler 
(1958)  who  showed  that  substrate  inhibition  is  marked  when  two-electron 
acceptors  are  used  to  measure  the  enzyme  activity,  but  does  not  occur 
when  the  one-electron  acceptor  cytochrome  c  is  used.  Furthermore,  the 
substrate  inhibition  is  reduced  as  the  pH  is  raised  and  the  enzyme  non- 
heme  iron  becomes  increasingly  susceptible  to  auto-oxidation  as  is  shown 
in  the  tabulation.  It  is  postulated  that  the  active  center  includes  two  mol- 


pH 

Per  cent 

substrate  inhibition 

5.5 

82 

7.7 

71 

9.1 

58 

10.1 

23 

ecules  of  FAD  bridged  by  a  pair  of  ferric  mercaptide  groups;  the  flow 
of  electrons  occurs  from  the  substrate  to  FAD-1  through  the  iron  atoms  to 
FAD-2  and  hence  to  the  two-electron  acceptor  dyes  or  oxygen.  Cytochrome 
c,  on  the  other  hand,  probably  withdraws  electrons  from  the  non-heme 
iron  directly  and  FAD-2  is  not  involved.  The  evidence  thus  points  to  the 
site  of  substrate  inhibition  as  the  FAD-2,  which  can  presumably  react 
with  purines  as  does  the  FAD-1  site. 

Several  examples  of  substrate  inhibition  have  been  followed  over  a 
sufficiently  wide  range  of  substrate  concentration  to  conclude  that  they 
obey  type  A-B  kinetics,  i.e.,  that  they  conform  to  an  equation  of  the  type: 

V  =  Vm (4-14) 

"A  -M/(S')  +(S')/B 

and  give  rate-pS  curves  that  are  symmetrical.  It  is  not  possible,  however, 
to  deduce  the  exact  mechanism  of  the  inhibition.  Typical  curves  are  illus- 
trated in  Figs.  4-6  to  4-9.  It  is  likely  that  the  esterase  inhibition  is  of  type 
A  because  of  the  probability  that  two  binding  groups  are  involved  in 
the  active  complex;  if  this  is  so,  the  species  differences  in  peak  position 
indicate  different  degrees  of  binding  interference  between  the  substrate 
molecules.  However,  in  the  case  of  the  /5-hydroxysteroid  dehydrogenase 
it  is  more  difficult  to  visualize  type  A  inhibition  because  of  the  large  size 
of  the  substrate  and  the  nature  of  the  binding,  since  the  evidence  from  sub- 
strate specificity  points  to  the  relatively  high  binding  energy  as  being 
due  to  the  summation  of  multiple  dispersion  forces  between  the  steroid  and 
the  enzyme  surface.  For  the  Jactic  dehydrogenase  it  is  possible  that  type 
A  inhibition  occurs  and  that  the  second  pyruvate  molecule  is  bound  mainly 
by  its  aliphatic  portion  because  of  the  3  kcal/mole  difference  between  the 
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binding  in  the  active  and  inhibiting  groups  {a  =  139),  indicating  that 
pyruvate  is  bound  differently  in  the  two  complexes.  Nevertheless  such 
reasoning  in  these  cases  is  qualitative  only  and  in  the  absence  of  pertinent 
data  is  only  speculation.  On  the  other  hand,  substrate  inhibition  in  some 
systems,  such  as  ribonuclease  (Dickman  and  Ring,  1958),  does  not  conform 
to  these  kinetics  and  cannot  be  mechanistically  interpreted.  The  depres- 
sion of  substrate  inhibition  by  increasing  ionic  strength,  without  a  simul- 


20mM 


(SUBSTRATE) 


Fig.  4-6.  Examples  of  substrate  inhibition  plotted  on  a  linear  substrate  concen- 
tration scale.  Curve  1:  erythrocyte  cholinesterase  (Zeller  and  Bissegger,  1943). 
Curve  2:  lactate  dehydrogenase  (Hakala  et  al.  1956).  Curve  .3:  steroid  dehydro- 
genase (Marcus  and  Talalay,  1955)  (substrate  concentration  in  {.iM).  Curve  4: 
human  erythrocyte  cholinesterase  (Myers,  1952  c). 


taneous  depression  of  ribonuclease  activity,  might  indicate  that  the  inhi- 
bition is  due  to  relatively   nonspecific   adsorption   through  electrostatic 
interactions  while  the  active  complex  involves  a  different  type  of  binding. 
The  crystalline  lactic  dehydrogenase  from  heart  catalyzes  the  reaction: 

Pyruvate  -|-  DPNH  +  H+  ^  lactate  +  DPN+ 

which  can  be  readily  followed  spectrophotometrically.   Potent  substrate 
inhibition  is  observed  with  pyruvate  as  shown  in  Fig.  4-6.  The  data  conform 
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Fig  4-7.  Examples  of  substrate  inhibition  plotted  on  a  pS  scale.  Curves  are  the 
same  as  in  Fig.  4-6.  Curve  4  shifted  vertically  from  previous  figure. 


Fig.  4-8.   Substrate   inhibition   exhibited  by  liver  e.sterases.   Curve   1: 

sheep;   curve   2:    dog;  curves  3  and  4:  human;  curve  5:  horse.  (From 

Bamann  and  Schmeller,  1929.) 
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to  an  equation  such  as  4-7  with  K,,^  =  0.018  mM  and  a  =  139  at  pH  6.8. 
The  active  complex  is  probably  E-DPNH-pyruvate  and  ^,„  for  pyruvate 
is  a  complex  function  of  several  rate  constants,  involving  the  binding  of 
DPNH,  so  it  is  doubtful  if  a  simple  interpretation  of  K„^  can  be  made  (Wi- 
ner and  Schwert,  1958).  However,  ^,„  is  equal  to  or  greater  than  the  disso- 
ciation constant  for  pyruvate  in  the  active  complex  so  that  the  second  in- 
hibiting pyruvate  molecule  is  bound  less  tightly  by  at  least  3  kcal/mole. 


0  I 

(XANTHINE)- 


4mM 


Fig.  4-9.  Inhibition  of  xanthine  oxidase  by  substrate 
and  isoxanthopterin.  (From  Hofstee,  1955.)  Curve  1: 
inhibition  by  substrate  (xanthine)  alone;  curve  2: 
isoxanthopterin  (0.01  mM);  curve  3:  isoxanthopterin 
(0.1  miH). 


The  binding  of  both  pyruvate  molecules  depends  on  pH.  The  inhibition 
by  pyruvate  decreases  with  increase  in  pH  as  shown  in  Fig.  4-10;  the 
constants  used  to  construct  these  curves  are  given  in  the  tabulation  below. 


pH 

(mil/) 

(mil/) 

a 

6.11 

0.08 

5.2 

65 

7.00 

0.14 

8.4 

60 

8.02 

0.46 

24.0 

52 

9.10 

1.55 

38.0 

25 

9.95 

6.7 

113 

17 
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Rise  in  pH  thus  reduces  affinity  for  both  pyruvate  molecules  but  has  rela- 
tively less  effect  on  the  inhibitory  binding.  If  the  inhibition  by  pyruvate 
occurs  when  two  pyruvate  molecules  are  bound  to  two  sites  with  which  only 
one  pyruvate  molecule  is  bound  actively,  increase  in  aK^^  with  pH  prob- 
ably reflects  in  part  the  same  decrease  in  affinity  for  pyruvate  in  the  ac- 
tive complex.  An  imidazolium  ring  of  histidine  with  a  p^^  of  about  7  may 
be  involved  in  the  binding  and  proton  transfer,  since  there  is  evidence  that 


0  5 

( PYRUVATE) 


Fig.   4-10.    Inhibition    of   the    reverse    reaction    of   lactate    de- 
hydrogenase by  pyruvate  at   different   pH's.   (From  Winer   and 
Schwert,   1958.) 


the  hydrogen  ion  does  not  come  directly  from  the  solution.  Inhibition  by 
higher  concentrations  of  DPNH  is  usually  not  observed  (Hakala  et  ah, 
1956;  Nygaard,  1956;  Winer  and  Schwert,  1958)  but  may  occur  if  the 
pyruvate  concentration  is  low,  indicating  a  competitive  situation. 

Substrate  inhibition  of  cholinesterase  has  been  studied  extensively  and 
illustrates  several  interesting  principles.  Zeller  and  Bissegger  (1943)  postu- 
lated two  binding  sites  in  the  active  center,  an  anionic  site  with  a  negative 
charge  to  bind  the  —N( 0113)3+  end  of  the  acetylcholine  molecule  and  an 
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esteratic  site  to  bind  and  liydrolyze  the  ester  group.  In  conformity  with  the 
suggestion  of  Haldane,  they  explained  substrate  inhibition  in  terms  of 
the  binding  of  two  molecules  of  acetylcholine  in  an  inactive  complex. 


E 


^ 


KJ 


KJ 


W 


Such  inhibition  occurs  only  with  acetylcholinesterase  (true  cholinesterase) 
from  erythrocytes  and  mammalian  tissues,  and  not  with  the  pseudo- 
cholinesterases  of  serum  (Alles  and  Hawes,  1940).  Inasmuch  as  the  rate-pS 
curves  for  human  erythrocyte  acetylcholinesterase  are  somewhat  asymmet- 
rical, Myers  (1952  c)  concluded  that  the  ESg  complex  was  partially  ac- 
tive. Using  an  equation  of  the  type  4-12  he  showed  that  a  value  of  ^  ^  0.1 
accounted  satisfactorily  for  the  experimental  data,  i.e.,  the  activity  of  the 
ESg  complex  is  one-tenth  that  of  the  ES  complex. 


Fig.  4-11.  Substrate  inhibition  of  acetylcholinesterase  at  different  salt  concentra- 
tions. (From  Alles  and  Hawes,  1940.)  Curve  1: 0.0059  31  NaCl;  curve  II:  0.145  M  NaCl. 

Increase  of  the  ionic  strength  alters  the  form  of  the  rate-pS  curves  in  a 
characteristic  way  (Alles  and  Hawes,  1940).  A  change  of  NaCl  concentration 
from  0.0059  M  to  0.145  M  shifted  the  pSo  from  2.25  to  1.80  and  led  to  an 
asymmetry  as  shown  in  Fig.  4-11.  Increasing  the  ionic  strength  slows  the  rate 
at  low  substrate  concentrations  and  accelerates  it  at  high  substrate  concen- 
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trations.  This  salt  effect  was  investigated  more  thoroughly  by  Myers  (1952  c) 
who  confirmed  the  earlier  results  and  determined  the  effects  of  ionic  strength 
on  the  various  constants,  from  which  it  is  evident  that  increasing  ionic 
strength  decreases  the  affinity  of  the  enzyme  for  acetylcholine  but  enhances 
the  hydrolytic  activity.  That  this  effect  is  not  entirely  a  nonspecific  salt 
effect  is  indicated  by  the  fact  that  the  doubly-charged  Ca++  ion  exerts  a 
stronger  action  than  Na+,  since  5  mM  CaCla  altered  the  rate-pS  curve 
comparably  to  200  mM  NaCl.  The  effects  of  NaCl  concentration  on  the 
reaction  constants,  based  on  Eq.  4-7,  are  shown  in  the  tabulation  below. 


NaCl 

Ks 

ocK, 

(So) 

Vm 

(mM) 

(mM) 

(mM) 

a 

(mil/) 

Vo 

0 

0.055 

11.0 

200 

0.78 

140 

157 

20 

0.110 

12.1 

110 

1.15 

146 

169 

50 

0.19 

13.5 

70 

1.60 

156 

190 

100 

0.26 

15.5 

60 

2.05 

168 

208 

200 

0.37 

18.0 

50 

2.70 

175 

221 

500 

0.55 

22.0 

40 

3.65 

171 

221 

In  this  formulation,  /i ,  is  the  constant  for  the  active  ES  complex  and  aKg 
for  the  relatively  inactive  ESg  complex  (designated  K^  and  K^  by  Myers). 
The  interpretation  of  aKg  as  the  dissociation  constant  for  the  second  or 
inhibiting  substrate  molecule  is  probably  doubtful,  since  actually  in  the 
ES2  complex  there  are  two  different  dissociation  constants  and  an  in- 
teraction factor.  In  the  more  complete  formulation  4-1,  what  is  here  desig- 
nated as  a  would  actually  be  a^y.  If  l3K^  refers  to  the  anionic  site  and 
yKg  to  the  esteratic  site,  it  might  be  expected  that  /?  would  not  differ 
greatly  from  unity,  inasmuch  as  the  major  binding  energy  of  the  substrate 
in  the  active  complex  derives  from  interaction  at  this  site,  and  that  y 
would  be  reasonably  large.  It  is  difficult  to  estimate  a  but  it  should  not  be 
too  large  since  the  positive  charges  on  the  simultaneously  bound  molecules 
are  maximally  separated  and  from  inhibitor  studies  the  two  sites  would 
appear  to  be  well  separated.  It  is  thus  possible  that  a  value  of  «/?/  =  200 
(in  the  absence  of  added  NaCl)  is  mainly  due  to  a  high  value  of  y.  The  in- 
crease in  Kg  with  NaCl  concentration  would  be  expected  on  the  basis  of  a 
reduced  interaction  with  the  anionic  site  due  to  increasing  ionic  strength 
or  competition  for  the  anionic  site  by  Na+.  It  is  difficult  to  interpret  phy- 
sically the  changes  in  a  or  a/3y  with  NaCl  concentration  because  in  addi- 
tion to  the  possible  changes  in  the  dissociation  constants  themselves,  it 
it  is  likely  that  the  acidic  dissociation  of  groups  at  both  sites  on  the  enzyme 
is  changed.  If  the  above  interpretation  is  correct,  it  would  appear  that  the 
binding  to  the  esteratic  site  is  augmented  by  high  NaCl  concentration.  In 
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any  event,  the  shift  in  (Sq)  to  higher  values  with  increasing  NaCl  concen- 
tration would  be  due  to  the  decreased  affinity  of  the  enzyme  for  the  sub- 
strate. It  might  be  possible  to  unravel  the  exact  mechanism  by  a  quanti- 
tative study  of  the  effects  of  changes  in  pH  on  the  inhibition,  since  the  reac- 
tions at  the  two  sites  would  respond  differently.  Addition  of  CaClg  at  5 
mM  increases  K^  five  fold  without  changing  aK^,  this  would  be  expected 
if  Ca++  competed  effectively  with  acetylcholine  for  the  anionic  site  but  did 
not  alter  binding  at  the  esteratic  site,  upon  which  the  value  of  aK^  mainly 
depends.  The  marked  activation  of  the  rate  by  CaClg  would  also  imply 
an  effect  on  the  esteratic  site,  probably  by  combination  with  an  adjacent 
group.  It  is  odd  that  Augustinsson  (1948)  reported  no  effects  of  CaCla 
(1  —  10  mM)  and  very  little  effect  of  KCl  (100  mM)  on  the  substrate  in- 
hibition of  any  type  of  cholinesterase.  The  pSo  was  shifted  only  0.1  unit 
on  the  average  by  KCl. 

Very  few  investigations  have  been  made  on  the  relation  of  substrate 
structure  to  substrate  inhibition,  so  that  the  results  of  Marcus  and  Talalay 
(1955)  on  the  /?-hydroxysteroid  dehydrogenase  are  of  great  interest.  The 
inhibition  curves  for  nine  steroids  are  shown  in  Fig.  4-12  and  the  reaction 
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Fig.  4-12.  Substrate  inhibition  of  ^-hydroxysteroid  dehydrogenase  by  nine  steroids 

whose  structures  and  kinetic  constants  are  given  in  the  accompanying  tabulation. 

(From  Marcus  and  Talalay,  1955.) 
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Reaction  Constants  for  Substrates  Producing  Inhibition  " 


Substrate 

iliM) 

a 

(So) 

ilJiM) 

A 

207 

4.65 

0.022 

31 

B 

6.86 

179 

26 

35 

C 

0.93 

39 

42 

6 

D 

5.33 

48 

9 

16 

E 

0.87 

41.4 

48 

6 

F 

1.76 

25.5 

14.5 

6.7 

G 

1.07 

8.41 

7.9 

3 

H 

1.82 

8.81 

4.8 

4 

I 

1.10 

100 

91 

10.5 

"  In  the  nomenclature  of  Marcus  and  Talalay,  K^  =  K^  and  K^ 
OH  OH  OH 


aK, 


HO 


constants  are  given  in  the  accompanying  tabulation.  Four  steroids  not  pro- 
ducing substrate  inhibition  are  also  shown  for  comparison.  The  remarkable 
specificity  of  interaction  is  apparent  in  the  marked  effects  produced  by 
minor  structural  changes:  compare  particularly  B  and  G,  or  D  and  H, 
where  the  difference  is  only  in  the  a  or  /5  configuration.  The  most  potent 
substrate  inhibition  is  given  by  compounds  [a)  with  the  ring  system  sat- 
urated, (b)  with  one  =0  and  one  —OH  group  at  either  the  3-  or  17-po- 
sitions,  and  (c)  without  substituent  groups  on  the  rings  (an  11-OH  group 
blocks  the  inhibition).  It  is  interesting  that  the  constants  for  G  and  H  are 
very  close  and  yet  the  molecules  have  opposite  positions  for  the  oxidized 
OH  group;  B  and  D  do  not  show  this  similarity  however.  It  may  be  that 
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the  inhibition  is  due  to  interference  with  DPN+  binding  since  the  steroid 
and  DPN+  must  bind  close  together  because  of  the  stereospecificity  in  the 
hydrogen  transfer. 

Maximal  rates  for  pig  kidney  aminoacylase  were  obtained  at  different 
concentrations  with  various  substrates  (Mounter  et  al.,  1958).  Although 
there  are  not  enough  substrates  to  make  any  detailed  correlations  with 


Substrate 

(So) 

(mM) 

iV-Acetylglycine 
iV^-Propiony]gIycine 
iV-ButjTylglycine 
iV-Acetylmethionine 

40 
33 
12 

24 

structure,  the  fall  in  (Sq)  with  a  lengthening  of  the  hydrocarbon  side-chain 
would  indicate  that  this  part  of  the  molecule  is  at  least  involved  in  the 
binding  to  the  site  of  inhibition  (see  tabulation). 

Combination  of  Substrate  with  an  Activator  (Type  C) 

Enzymes  requiring  metal  ion  activators  may  show  substrate  inhibition 
since  their  substrates  often  have  carboxylate  or  phosphate  groups  which 
can  complex  or  chelate  with  the  metal  ion.  Indeed,  it  is  generally  believed 
that  metal  ions  function  as  activators  because  of  their  ability  to  bind  the 
substrate,  wholly  or  in  part,  to  the  enzyme.  Whether  inhibition  of  this 
type  will  or  will  not  occur  depends  on  the  binding  of  the  activator  to  the 
enzyme:  if  the  activator  is  primarily  bound  to  the  substrate  (i.e.,  if  the 
true  substrate  is  a  complex  with  the  activator)  no  inhibition  will  occur  at 
high  substrate  concentrations  due  to  activator  de])letion,  but  if  the  acti- 
vator is  attached  primarily  to  the  enzyme,  such  depletion  may  occur.  These 
two  situations  may  be  represented  as  follows: 

Type  C  inhibition  absent 

S  +  A^  AS 
E  +  AS^  EAS  -^  E  +  A  +  P 

Type  C  inhibition  may  occur 
E  +  A;^  EA 
EA  +  S^  EAS  ->  EA  +  P 

S  +  A^  AS 
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The  rate  and  inhibition  equations  are  quite  complex,  involving  a  quadratic 
expression  in  the  most  general  situation.  However,  if  it  is  assumed  that 
(E;)  <^  (A;)  so  that  the  activator  exists  mainly  in  the  free  and  substrate- 
combined  forms,  the  expression  for  free  activator: 


(A)  = 


(S)  +  K, 


(4-15) 


may  be  substituted  in  Eq.  2-69  to  give  the  approximate  rate.  It  would 
appear,  contrary  to  expectations,  that  such  a  mechanism,  although  it  may 
produce  marked  inhibition  of  the  rate,  cannot  lead  to  a  peak  in  the  rate-(S) 
curves,  and  hence  will  not  be  recognized  as  typical  substrate  inhibition. 
However,  if  the  activation  mechanism  follows  the  reaction  scheme  2-70, 
substitution  of  the  value  of  (A)  from  Eq.  4-15  leads  to  an  equation  of  the 
type: 

(4-16) 


where: 


A  +  B/(S)  -f  (S)/C 


1  + 


K. 


B 


C  = 


(A,) 


1  + 


1  -f 


^1 


K„ 


(A,) 


and  the  inhibition  will  lead  to  a  decreasing  rate  at  high  substrate  concen- 
trations. Such  inhibition  may  be  distinguished  from  substrate  inhibition 
of  types  A  and  B  by  varying  the  concentration  of  the  activator.  If  the 
substrate  inhibition  is  removed  by  increasing  the  activator  concentration 
to  above  optimal  levels,  it  is  likely  that  the  substrate  is  complexing  with 
the  activator  and  removing  it  from  the  system.  This  was  done  in  the  case 
of  the  inhibition  of  enolase  by  2-phosphoglycerate  (Westhead  and  Malm- 
strom,  1957),  where  increasing  the  Mg++  concentration  from  1  raM  to 
10  vaM  abolished  the  inhibition.  In  such  systems  the  buffer  may  also  play 
a  role,  inasmuch  as  it  often  can  complex  with  the  activator  and  in  the  pre- 
sent case  a  difference  was  observed  between  Tris-HCl  and  phosphate  buf- 
fers. The  enolase  system  is  also  complicated  by  activator  inhibition:  high 
concentrations  of  Mg++  reduce  the  rate  and  this  is  independent  of  the 
reduction  in  free  substrate  concentration.  The  kinetics  for  activator  in- 
hibition are  worked  out  in  detail  by  Friedenwald  and  Maengwyn-Davies 
(1954,  p.  185).  Needless  to  say,  the  degree  of  inhibition  in  type  C  systems 
depends  on  the  value  of  J^,,,  relative  to  K^  and  K^,  i.e.,  the  relative  affinities 
of  activator  and  substrate  for  each  other  and  for  the  enzyme. 
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Competition    of   Substrate    with    Substrate-Activator    Complex    (Type   D) 

When  the  true  substrate  for  the  enzyme  is  a  complex  of  the  added  sub- 
strate and  an  activator  (as  in  the  first  reaction  scheme  in  the  previous  sec- 
tion) it  is  possible  that  the  reaction: 

E  -f  S  ;;:±  ES 

may  also  occur  and  block  the  AS  complex  from  the  enzyme.  An  example  of 
this  mechanism  may  be  the  inhibition  of  inorganic  pyrophosphatase  by 
excess  substrate,  first  demonstrated  by  Bailey  and  Webb  (1944).  This 
inhibition  was  initially  believed  to  be  type  A,  later  type  C  with  pyrophos- 
phate complexing  with  and  removing  the  activator  Mg++  (Heppel  and 
Hilmoe,  1951),  and  most  recently  type  D  since  evidence  was  obtained  that 
the  true  substrate  is  magnesium  pyrophosphate  (Bloch-Frankenthal,  1954). 
One  is  unable  to  distinguish  between  types  C  and  D  inhibition  by  varying 
the  concentrations  of  substrate  and  activator,  since  type  D  is  also  charac- 
terized by  a  symmetrical  rate-pS  curve  most  commonly  and  a  rate  equation 
identical  to  4-16  but  with  the  following  values  for  the  constants: 


K. 


(A,) 


K„ 


B  = 


C  = 


(A<) 

^a.(A,) 


■**  Aas 


(E)(AS) 
(EAS) 


Indeed,  this  type  of  inhibition  is  indistinguishable  from  types  A  and  B  if 
the  activator  is  unrecognized  and  its  concentration  not  varied.  The  con- 
formity of  most  types  of  substrate  inhibition  to  the  same  kinetic  pattern 
has  made  it  very  easy  for  theorists  to  prove  their  particular  mechanism. 


The  Substrate  Interferes  with  the  Binding  of  an  Acceptor  (Type  E) 

This  represents  the  situation  in  transfer  reactions  where  one  substrate 
interferes  with  the  binding  of  the  second  substrate.  In  reactions  involving 
a  dye  as  an  electron  acceptor,  the  reduced  substrate  may  hinder  the  reac- 
tion of  the  dye  with  the  enzyme.  The  inhibition  of  xanthine  dehydrogenase, 
using  methylene  blue  as  an  acceptor,  by  high  concentrations  of  xanthine 
or  hypoxanthine  has  been  attributed  to  such  a  mechanism  (Dixon  and 
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Thiirlow,  1924)  since  the  affinity  of  the  methylene  bkie  for  the  enzyme 
was  shown  to  be  markedly  reduced.  The  oxidation  of  leucine  by  the  L-amino 
acid  oxidase  of  snake  venom  with  methylene  blue  as  an  acceptor  also  shows 
substrate  inhibition  of  this  type  (Dixon  and  Webb,  1958,  p.  86).  The  rate-(S) 
curves  for  this  mechanism  may  show  a  fairly  broad  plateau,  instead  of  a 
peak,  if  the  affinity  of  the  substrate  for  the  acceptor  site  is  much  less  than 
for  the  substrate  site,  since  inhibition  may  not  occur  until  the  substrate 
concentration  is  substantially  above  that  required  to  saturate  the  enzyme 
with  respect  to  activity.  By  determining  the  course  of  substrate  inhibition 
at  different  concentrations  of  acceptor,  it  is  possible  to  identify  this  type 
of  inhibition  and  obtain  the  various  dissociation  constants,  as  illustrated 
in  the  following  chapter.  Alberty  (1958)  has  given  a  complete  theoretical 
analysis  of  substrate  inhibition  for  situations  in  which  a  coenzyme  is 
involved  in  the  reaction  and  he  has  included  cases  where  the  excess  sub- 
strate may  interfere  with  the  binding  of  the  coenzyme. 

The  Substrate  Reduces  the  Concentration  of  Water  (Type  F) 

When  water  is  one  of  the  reactants,  reduction  in  its  concentration  may 
slow  the  rate,  and  this  seems  to  be  the  mechanism  for  the  inhibition  by 
high  sucrose  concentrations  of  yeast  /?-fructofuranosidase  (Nelson  and 
Schubert,  1928).  Inhibition  was  determined  over  a  range  of  sucrose  con- 
centration from  0.17-2.0  M  (6-70%)  and  the  rate  was  proportional  to  the 
water  concentration  throughout.  This  type  of  inhibition  is  uncommon 
because  concentrations  of  substrate  sufficiently  high  to  reduce  water  con- 
centration appreciably  are  seldom  used. 

The  Substrate  Inhibits  by  an  Ionic  Strength  Effect  (Type  G) 

This  type  of  substrate  inhibition  has  not  been  demonstrated  conclusive- 
ly but  certainly  is  a  possibility  that  cannot  be  neglected.  Substrate  inhi- 
bition of  enolase  depends  on  the  ionic  strength  and  disappears  when  0.6  M 
KCl  is  present  (AVesthead  and  Malmstrom,  1957).  Since  at  this  concen- 
tration of  KCl,  changes  in  ionic  strength  due  to  substrate  would  be  negli- 
gible, this  might  be  interpreted  to  mean  that  the  inhibition  is  an  ionic 
strength  effect.  However,  as  has  been  discussed,  the  inhibition  has  been 
shown  to  be  due  to  removal  of  the  activator  Mg++  by  the  2-phosphogly- 
cerate.  The  effect  of  increasing  the  ionic  strength  with  KCl  is  probably 
to  decrease  the  interaction  between  substrate  and  activator  so  that  free 
activator  is  not  reduced  so  readily.  These  results  serve  to  illustrate  the 
complexities  that  may  be  encountered  by  varying  the  ionic  strength  in 
enzyme  systems  with  several  components. 
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Inhibition  of  Substrate-Inhibited   Enzymes   by  Other  Inhibitors 

It  might  be  thought  superficially  that  the  inhibition  produced  by  sub- 
strate and  the  inhibition  produced  by  another  inhibitor  might  be  additive 
but  this  is  never  so.  The  presence  of  substrate  inhibition  will  alter  the 
kinetics  formulated  in  the  previous  chapter  in  a  characteristic  manner.  It 
would  be  expected  that  noncompetitive  inhibition  is  unaffected  by  sub- 
strate inhibition,  since  the  inhibitor  does  not  alter  substrate  binding  nor 
does  substrate  binding  affect  the  inhibitor.  On  the  other  hand,  a  competi- 
tive inhibitor  should  modify  the  kinetics  of  substrate  inhibition  and  be 
modified  by  the  substrate  inhibition  in  turn.  It  is  easy  to  visualize  this  if 
one  pictures  the  effects  of  increasing  substrate  concentration:  there  will 
be  two  simultaneous  and  opposing  effects  —  the  antagonism  of  the  inhi- 
bition because  of  displacement  of  inhibitor  from  the  enzyme  and  the  pro- 
duction of  inhibition  by  whatever  mechanism  is  involved. 

We  have  seen  that  most  types  of  substrate  inhibition  can  be  represented 
by  rate  equations  of  the  following  form: 

V  =  V (4-17) 

''"A  +  B/CS)  +(S)/C  ^      ^ 

It  is  easy  to  show  that  the  inhibited  rate  equations  are: 

Completely  competitive  inhibition 

v-  =  V     (4-18) 

'       ''"A+B/(S)[1  +(I)/Z,]  +(S)/C 


(!') 


(I')  +  1  +  [(S)/B]  [A  +  (S)/C] 
Completely  noncompetitive  inhibition 


(4-19) 


V-  =  V     (4-20) 

"^  [1  +  (I')]  [A  +  B/(S)  +  (S)/C] 


_a;)_ 
d')  + 1 


(4-21) 


These  expressions  for  the  inhibition  may  be  compared  to  Eqs.  3-28  and 
3-29  to  determine  the  effect  of  substrate  inhibition.  In  agreement  with  ex- 
pectations, the  inhibition  in  noncompetitive  systems  is  not  altered;  i.e., 
the  inhibition  produced  by  a  noncompetitive  inhibitor  is  neither  altered 
by  substrate  concentration  or  substrate  inhibition,  nor  will  the  presence 
of  a  noncompetitive  inhibitor  alter  the  rate-pS  curves  other  than  to  de- 
press them  uniformly.  On  the  other  hand,  a  competitive  inhibitor  will 
shift  the  peak  of  the  substrate  inhibition  curve: 
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Substrate  inliibition  alone: 
Presence  of  competitive  inhibitor: 


(So')    =VBC  (4-22) 

(So'),  =V'BC[1  +(!')]  (4-23) 


The  peak  will  thus  be  shifted  to  higher  substrate  concentrations. 

The  simplest  and  least  general  representation  of  type  A  substrate  inhi- 
bition as  shown  in  reactions  4-6  may  be  modified  for  the  presence  of  an 
inhibitor  as  follows: 

R  +  V 


K 


■y 


ES 


nK 


\A'-         ^  RSJ 


(4-24) 


and  the  general  rate  equation  written  as: 

1 


i  +  ^ii+mi  +  fl 


1  + 


(D 


+ 


d') 


(4-25) 


from  which  the  special  cases  of  competitive  and  noncompetitive  inhibition 
may  be  derived:  completely  competitive  inhibition  (/5  =  oo), 


V-  =  V 


1 


1  +  [1/(S')]  [1  +  (I')]  +  (S')/« 

.  _  (T) 

'       (I')  +  1  -f  (S')  [1  +  (S')/«] 

and  completely  noncompetitive   inhibition   (p  —  1). 
V,  =  V, 


1 


[1  +  (I,)]  [1  +  1/(S') 

(D 
d')  +  1 


(S')/«] 


(4-26) 


(4-27) 


(4-28) 


(4-29) 


The  (So')  will  be  shifted  from  \/  a  to  V  «  [1  +  (I')]  in  the  presence  of  a 
competitive  inhibitor.  These  equations  are,  of  course,  special  cases  of 
Eqs.  4-18  to  4-21  and  apply  specifically  to  type  A  inhibition.  However, 
they  are  the  most  commonly  used  and  the  competitive  rate  equation  was 
first  derived  by  Murray  (1930)  in  connection  with  the  inhibition  of  liver 
esterase  by  cZ-methyl-n-hexyl  carbinol,  the  shift  in  (Sq)  and  the  change  in 
the  form  of  the  rate-pS  curve  being  demonstrated. 
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The  most  general  situation  in  which  there  are  two  binding  sites  for  the 
substrate  can  be  represented  as  follows: 

ES  C 
E  +  P 


E        S 
\  / 


E  -^  :n  -'  ^ 


lES 


SES 


/  \ 
E        I 

\  / 


A 


K, 


El 


IE 


SEI 


lEI 


lES 


(4-30) 


where  the  two  binding  sites  are  indicated  on  either  side  of  the  enzyme  in 
the  complexes  to  the  right.  The  Greek  letters  are  the  factors  by  which  either 
Kg  or  K^  must  be  multiplied  for  the  designated  reactions.  Such  a  situation 
is  not  too  unlikely  in  competitive  inhibition  by  a  substance  structurally 
related  to  the  substrate  and  able  to  combine  similarly  with  the  enzyme 
sites.  The  generalized  rate  equation  may  be  written  as: 

V 


fi        a 


■(!') 


1 


yfiQ 


+ 


1 


yaji 


1 

'W) 


l+d') 


71  p 


+  - 


+- 


ujiia 
(4-31) 
The  equation  may  be  simplified  by  setting  the  constants  for  the  reactions 
that  are  to  be  excluded  equal  to  infinity. 

The  effects  of  different  degrees  of  substrate  inhiljition  on  the  inhibition 
produced  by  a  competitive  inhibitor  are  shown  in  Fig.  4-13.  When  the 


1000 


(I) 


Fig.  4-13.  Competitive  inhibition  of  enzymes  exhibiting  substrate  inhibition  (Eq. 

4-27).  Cm-ve  1:  (S')  =  3,  a  =  oo;  curve   1':  (S')  =  \0,  a  =  oo.  Curve  2:  (S')  =  3, 

a  =  10;  curve  2':  (S')  =  10,  a  =  10.  Curve  3:  (S')  =  3,  a  ^  3;  curve  3':  (S')  =  10, 

a  =  3.  Curve  4:  (S')  =  3,  a  =  1;  curve  4':  (S')  =  10,  a  =  1. 
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binding  of  the  second  substrate  molecule  is  approximately  as  tight  as  in 
the  active  complex,  the  inhibition  may  be  reduced  quite  markedly.  Com- 
petitive inhibition  constants  determined  in  the  usual  manner  on  such  sys- 
tems will  be  in  error  by  an  appreciable  amount  unless  precautions  are  tak- 
en as  discussed  in  the  following  chapter.  The  effects  of  increasing  concen- 
tration of  inhibitor  on  the  rate-pS  curves  are  evident  from  Fig.  4-14  —  the 


30  — 


20 


4  /  \ 

/      y  \\ 

/  /  2  /  \\ 


ps' 


Fig.  4-14.  Effects  of  a  competitive  inhibitor  on  the  rate-pS'  curves  for  substrate 
inhibition  (Eq.  4-26).  or  =  1.  Curve  1:  (I')  =  0,  (So')  =  1;  curve  2:  (I')  =  1; 
(So')  =  1.41;   curve  3:    (I')  =  10,    (So')  =  3.32;   curve   4:    (I')  =  100,  (So')  =  10, 

decrease  in  Vq,  the  shift  of  (Sq)  to  higher  concentrations,  and  the  "  pushing 
in  "  of  the  left  side  of  the  curves  as  noted  by  Murray  (1930). 

It  was  mentioned  that  Hofstee  (1955)  used  the  competitive  inhibitor 
isoxanthopterin  to  determine  the  mechanism  of  substrate  inhibition  for 
xanthine  oxidase.  Inasmuch  as  this  is  a  generally  useful  method  of  distin- 
guishing between  type  A  and  type  B  noncompetitive  mechanisms,  the 
procedure  will  be  outlined  briefly.  The  equations  Hofstee  derived  for  the 
two  situations  are: 

Type  A  substrate  inhibition  (Eqs.  4-7  and  4-26) 

I',.  =  F 


1  +1/(S')  +(S')/a 
1 


1  +  [1/(S')][1  +(1')]  +(S')/a 
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Type  B  noncompetitive  substrate  inhibition  (Eq.   4-11) 


1  +  l/«  +  1/(S')  +  (S')/a 
^^^         ""'  ^  ^"  1  +  (l/«)  [1  +  (D]  +  [1/(S')]  [1  +  d')]  +  (S')/a  ^^"^^^ 

^^^^  ""^  ^  ^'"  1  +  l/«  +  (D  +  [1/(S')]  [1  +  (!')]  +  (S')/«  ^^"^^^ 

Equations  4-32  and  4-33  are  special  cases  of  4-18.  Mechanism  (I)  represents 
the  situation  in  which  the  inhibitor  combines  with  the  active  site  and 
mechanism  (II)  in  which  it  combines  with  an  auxiKary  group  necessary 
for  the  reaction;  it  is  assumed  that  the  inhibition  by  substrate  is  due  to  its 
combination  with  this  auxihary  group.  The  expressions  for  the  maximal 
rate  at  the  peak  of  the  rate-(S)  curves  for  the  three  possibilities  are: 

Type  A:  Vo  =  F,„ ,   ^  (4-34) 

Type  B  (1):  v,  =  F,„ ,     ^  -.^  (4-35) 

[1  +V[i  +(r)]/aP 

Type  B  (II):  v,  =  F,„  .-    , ^      ^ -,,  (4-36) 

Since  a  could  be  calculated  from  substrate  inhibition  kinetics  {a  was  about 
50  for  xanthine  oxidase),  the  values  of  K^  could  be  determined  from  each 
of  the  Eqs.  4-34  to  4-36  using  the  measured  values  of  Vq  at  the  two  isoxan- 
thopterin  concentrations  (see  Fig.  4-9).  The  values  of  K^  calculated  for 
the  two  isoxanthopterin  concentrations  should  be  equal  and  this  was  the 
case  only  for  mechanism  B(I),  indicating  that  the  inhibitory  substrate  mol- 
ecule combined  with  the  auxiliary  group  but  that  the  isoxanthopterin  did 
not.  Combination  of  isoxanthopterin  with  both  active  site  and  auxiliary 
group  was  eliminated  by  the  linearity  of  plots  of  {v  —  v,)  against  {v  —  Vi)l{l). 
A  rather  striking  instance  of  competition  in  a  substrate-inhibited  system 
is  given  in  the  study  of  Austin  and  Berry  (1953)  on  human  erythrocyte 
acetylcholinesterase.  The  presence  of  the  inhibitor  284C51  at  1.3  X  10"^  m.M 
shifted  the  peak  in  the  rate-pS  curve  from  2.65  to  approximately  1.0 
(a  forty-five  fold  change  in  concentration)  as  shown  in  Fig.  4-15.  Since 
(So)  is  shifted  by  a  factor  of  V  1  -f  (F)  (Eq.  4-23),  the  K,  can  be  calcu- 
lated to  be  roughly  6.4  X  10"^°  M.  Although  the  rate-pS  maxima  here  could 
not  be  accurately  evaluated,  and  hence  this  value  of  A^j  is  only  approxi- 
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mate,  it  illustrates  a  method  which  could  be  quite  accurate.  These  curves 
also  show  that  over  a  certain  range  of  substrate  concentration,  the  rate 
of  the  control  is  decreased  and  the  rate  of  the  inhibited  enzyme  is  increased 
by  a  rise  in  the  substrate  concentration,  the  inhibition  by  284C51  falling 
from  100%  to  less  than  50%.  It  is  possible  that  in  vivo  at  localized  end- 
plate  or  synaptic  regions  the  acetylcholine  reaches  concentrations  in  this 
range  and  that  the  kinetics  of  inhibition  follow  the  formulations  presented 
in  this  section. 
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Fig.  4-15.  Effect  of  the  inhibitor  284051  on  the  rate-pS  curve  of  substrate  inhibition 
of  human  erythrocyte  acetylchoHnesterase.   (I)  =  1.3  X  10~^  mill.   (From  Austin 

and  Berry,   1953.) 


Inhibition  of  various  tissue  cholinesterases  by  physostigmine  (3.63  X  10~^ 
mM)  produced  an  average  shift  of  pSo  from  2.57  to  1.40  and  a  depression 
in  Vq  of  85%,  conforming  to  predictions.  Another  inhibitor,  clupeine,  of  a 
less  specific  type,  also  reduced  the  pSo  to  an  average  value  of  1.92  but 
produced  only  a  5%  depression  of  Vq  (Augustinsson,  1948).  Gum  arable, 
which  stimulates  cholinesterase  slightly,  shifted  the  pSo  upwards  to  2.75. 
It  should  be  noted  that  a  marked  shift  in  pSo  means  that  a  substance 
inhibits  a  reaction  in  one  range  of  substrate  concentration  and  stimulates 
it  in  another  range.  The  nature  of  the  response  to  an  inhibitor  in  such 
systems  is  strongly  dependent  on  the  substrate  concentration. 
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PRODUCT   INHIBITION 

The  products  of  a  reaction  can  slow  down  the  forward  rate  in  two  gen- 
eral ways. 

A.  The  reverse  reaction,  whereby  the  products  are  transformed  into  the 
substrate,  competes  with  the  forward  reaction  so  that  the  measured  rate 
of  substrate  disappearance  or  product  formation  is  reduced.  Inasmuch  as 
most  enzymes  catalyze  reversible  reactions  this  type  of  product  inhibition 
is  theoretically  very  common;  it  is  practically  uncommon  because  in  most 
reactions  the  equilibrium  is  far  to  one  side  and  the  reverse  reaction  is  in- 
significant. 

B.  A  product  of  the  reaction  can  combine  with  the  enzyme,  or  other 
component  of  the  system,  so  that  the  forward  rate  is  inhibited.  In  this 
case  the  product  may  inhibit  by  any  of  the  mechanisms  discussed  in  the 
previous  chapter.  The  primary  difference  between  these  two  mechanisms 
of  inhibition  is  that  in  the  former  situation  the  product  reacts  with  the 
enzyme  in  such  a  way  as  to  form  a  reactive  complex,  i.e.,  it  combines  with 
the  active  center  to  form  the  same  complex  in  the  activated  state  as  is 
formed  from  the  substrate,  whereas  in  the  second  type  the  complex  of  en- 
zyme and  product  is  inactive  and  may  be  located  at  the  active  center  or 
vicinal  to  it. 

When  the  reaction  is  started  with  only  substrate  present,  product  inhi- 
bition is  seldom  of  importance  if  only  initial  rates  are  measured  or  obtained 
by  extrapolation.  However,  if  the  equilibrium  is  in  favor  of  the  substrate 
or  the  product  is  a  relatively  potent  inhibitor  of  type  B,  measurements 
made  over  arbitrary  intervals  of  time  may  provide  rates  which  are  only 
average  values  over  this  interval  and  from  which  incorrect  values  for  the 
constants  of  the  enzyme  reaction  are  obtained.  These  errors  may  be  cir- 
cumvented if  it  is  first  established  that  the  rate  is  constant  over  the  ex- 
perimental interval  employed. 


Inhibition   by  the   Reverse   Reaction 

The  over-all  forward  rate  for  a  reversible  reaction  is  given  by  Eq.  2-18. 
This  equation  is  valid  whatever  the  number  of  complexes  involved  in  the 
reaction,  i.e.,  whether  one  assumes  a  single  active  complex  ES,  or  one 
for  both  substrate  ES  and  product  EP  as  in  reaction  2-17,  or  more  as 
ES,  EXi,  EX2...EP.  However,  the  constants  F,„,  Vp,  K,„,  and  Kp  will 
be  represented  by  different  combinations  of  the  rate  constants.  Equation 
2-18  may  be  rewritten  as: 

^  (S)  -  (P)  {VJ{JV,„K,) 

""       '-    (S)  +  K,{1  +  (?)IK,]  ^^'""^ 
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The  quantity  VpK„JV„,Kp  =  K^,  the  equihbrium  constant  for  the  over-all 
reaction  and  is  equivalent  to  (S)/(P).  Thus  one  may  write: 


V„ 


(S)     -    (P)ifo 


(4-38) 


(S)  +  K,[l  +  (P)/Z,] 

which  is  similar  to  the  equation  derived  by  Sturtevant  (1954,  p.  210). 
When  the  equilibrium  is  far  to  the  right,  K^  will  be  very  small  and  {^)Kq 
may  be  neglected  relative  to  (S): 

(S) 


V  =  F„ 


(4-39) 


(S)  +  K,[l   ^  (P)/A%] 
which  is  identical  with  the  rate  equation  for  competitive  inhibition.  Thus 


Fig.  4-16.  Product  inhibition  by  the  reverse  reaction.  In  the 
upper  graph  A  the  rate  is  plotted  against  the  product  concen- 
tration (Eq.  4-37)  and  in  the  lower  graph  B  the  fractional  inhi- 
bition is  plotted  against  the  product  concentration  (Eq.  4-40). 
K,  =  5  mM,  Kj,  =  10  mM,  and  (S,)  =  10  mJ/.  Curves  I: 
Vj>/Vm  =  1;  curves  II:    VJV^  =  oo   (Eq.  4-39). 
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product  inhibition  can  occur  even  in  reactions  where  the  equihbrium  is 
markedly  in  favor  of  the  product.  This  is  due  to  binding  of  product  to  the 
sites  involved  in  the  reaction,  even  though  it  does  not  react.  The  inhibition 
produced  by  the  product  in  the  general  case  is: 

.      (P')  [1  +  (vjvj  {1  +  i/(s:)}] 


(P')  + 1  +  (S') 


(4-40) 


which  is  the  same  as  the  competitive  inhibition  expression  3-28  except  for 
the  factor  by  which  (P')  is  multiplied.  The  ratio  VplV„i  may  be  replaced 
by  KqK^IK^i.  If  there  is  only  substrate  at  the  beginning  of  the  reaction 
and  the  product  is  formed  so  that  (S)  +  (P)  is  constant,  the  inhibition  will 
increase  and  the  rate  will  fall  as  shown  in  Fig.  4-16.  If  the  product  is  present 
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FiG.  4-17.  Product  inhibition  by  the  reverse  reaction.  In  the 
upper  graph  A  the  rate  is  i^lotted  against  the  substrate  concen- 
tration and  in  the  lower  graph  B  the  fractional  inhibition  is 
plotted  against  the  substrate  concentration.  A'^  =  5  \\\M  and 
Kj,  =  10  mil/.  The  concentration  of  product  is  constant  at  10 
ml/.   Curves  I:    VJV„  =  1;  curves  II:    VJV^  =  OO. 
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at  the  beginning,  there  is  no  reaction  until  the  substrate  concentration 
reaches  a  critical  value  and  above  this  the  rate  increases  as  in  Fig.  4-17. 
The  differences  between  curves  I  and  II  represent  the  effect  of  the  reverse 
reaction  superimposed  on  the  inhibition  due  to  the  binding  of  the  product 
on  the  active  center. 

Inhibition  by  Combination  of  the  Product  in  an  Inactive  Complex 

The  product  can  inhibit  the  forward  reaction  competitively,  noncompe- 
titively,  or  in  any  other  way  discussed  in  general  inhibition.  The  general 


3mM 


CP)- 


FiG.  4-18.  Noncompetitive  product  inhibition  by  tlie  forma- 
tion of  an  inactive  complex  between  the  product  and  tlie 
enzyme.  In  the  upper  graph  A  the  rate  is  plotted  against  the 
product  concentration  and  in  the  lower  graph  B  the  frac- 
tional inhibition  is  plotted  against  the  product  concentra- 
tion. Curves  I:  A%  =  0.1  mlf;  curves  II:  Kj,  =  0.3  raM; 
curves  III:  Kj,  =  \  mM;  curves  IV:  A'j,  =  10  mil/;  curves  V: 
K    =  50  Yi\M;  curves  VI:  no  inhibition. 
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reaction  scheme  is  similar  to  Eq.  3-2  and  the  rate  and  inhibition  equations 
are  similar  to  those  from  Eqs.  3-9  to  3-30  if  one  replaces  (I)  with  (P)  and 
K^  with  Kp.  If  the  product  is  added  at  different  concentrations  and  only 
initial  rates  are  determined,  the  kinetics  are  identical  with  those  for  inhi- 
bition by  substances  unrelated  to  the  reaction.  However,  if  no  product  is 
present  initially  but  is  formed  during  the  reaction,  i.e.,  if  (S)  +  (P)  is 
constant,  it  is  interesting  to  observe,  as  in  Fig.  4-18,  that  the  course  of  the 
reaction  depends  markedly  on  K^.  If  K^  is  small  the  rate  may  drop  very 
rapidly  after  the  reaction  has  started;  e.g.,  if  K^^  10~^  ilf  the  inhibition 
reaches  50%  after  only  5%  of  the  substrate  has  been  transformed. 

The  products  may  also  combine  with  an  activator  and  inhibit  by  this 
mechanism  although  this  situation  has  not  been  reported.  Carboxylic  and 
amino  acids  formed  in  hydrolytic  reactions  might  complex  with  metal  ions, 
the  substrates  having  little  or  no  affinity  for  these  activators.  Reaction 
of  the  products  with  coenzyme  or  acceptor  sites  is  also  possible  and  in  all 
cases  the  kinetics  will  follow  the  corresponding  equations  in  Chapter  3. 

Examples  of   Product    Inhibition 

The  hexokinases  of  brain  and  schistosomes  are  inhibited  quite  potently 
by  the  product  glucose-6-phosphate,  50%  inhibition  occurring  at  a  concen- 
tration of  about  0.6  n\M  in  both  cases  (Crane  and  Sols,  1953;  Bueding  and 
MacKinnon,  1955)  and  this  inhibition  is  noncompetitive  with  respect 
to  either  glucose  or  adenosine  triphosphate  (ATP)  (Weil-Malherbe  and  Bone, 
1951).  On  the  other  hand,  yeast  hexokinase  is  not  inhibited  by  hexose- 
monophosphates  (Colowick  and  Kalckar,  1943).  The  other  product  aden- 
osine diphosphate  (ADP)  inhibits  all  of  these  enzymes  but  is  competitive 
with  ATP  on  the  enzyme  from  brain  (Sols  and  Crane,  1954)  and  noncom- 
petitive in  the  case  of  hexokinase  from  yeast  (Gamble  and  Najjar,  1955)  and 
schistosomes  (Bueding  and  MacKinnon,  1955);  the  inhibition  in  the  latter 
case  actually  increases  somewhat  with  increasing  ATP  concentration.  The 
reaction  rate  falls  off  rapidly  due  to  the  accumulation  of  these  products 
in  preparations  of  the  purified  enzymes.  These  inhibitions  are  not  due  to 
the  occurrence  of  the  reverse  reaction  but  are  of  type  B  mechanism,  as 
is  evident  from  the  free  energy  change  of  the  reaction,  the  fact  that  either 
product  alone  is  inhibitory  (for  the  reverse  reaction  both  products  must 
be  present),  and  the  absence  of  glucose-6-phosphate  inhibition  of  the 
yeast  hexokinase.  The  inhibitions  are  fairly  specific  since  other  hexo3e- 
phosphates  inhibit  less  than  glucose-6-phosphate  or  not  at  all,  while  aden- 
osine-5-phosphate  (AMP),  pyrophosphate,  and  phosphate  are  inactive 
(Sols  and  Crane,  1954).  The  reverse  reaction  catalyzed  by  yeast  hexokin- 
ase, measured  by  an  exchange  reaction  between  labeled  glucose  or  glu- 
cose-6-phosphate,  is  inhibited  by  glucose,  another  example  of  product 
inhibition  (Gamble  and  Najjar,  1955). 
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Many  phosphorylation  reactions  involving  ATP  are  inhibited  by  ADP  but 
in  most  cases  the  type  of  inhibition  is  not  known.  Pyridoxal  phosphokinase 
is  inhibited  competitively  by  ADP  (Hurwitz,  1953)  as  is  glutathione  syn- 
thetase (Yanari  et  at.,  1953);  in  the  latter  case  ADP  appears  to  be  bound 
more  tightly  than  ATP  to  the  enzyme.  Indeed,  the  ATPases  from  various 
sources  are  inhibited  weakly  by  ADP  (Kielley  and  Kielley,  1953;  Blum, 
1955). 

Enzymes  catalyzing  the  acylation  of  amino  groups: 

R-COSCoA  +  HjX-R'  -^  R-COXH-R'  ^  CoASH  (4-41) 

such  as  the  arylamine  transacetylase  (Tabor  et  al.,  1953)  and  glycine  trans- 
acylase  (Schachter  and  Taggart,  1954)  of  liver  are  inhibited  by  coenzyme  A. 
The  inhibition  is  not  a  function  of  the  SH  group  because  reaction  of  the 
CoASH  with  iodoacetate  does  not  reduce  the  inhibitory  activity.  When 
benzoyl-CoA  is  used  as  the  acyl  donor,  glycine  transacylase  catalyzes 
the  formation  of  hippurate,  which  is  also  inhibitory;  50%  inhibition  is 
given  by  0.58  niM  hippurate  and  0.65  milf  CoASH.  The  free  energy  change 
for  this  reaction  of  approximately  —  8  kcal/mole  indicates  the  inhibition 
if  of  type  B,  as  does  the  inhibition  by  single  products.  The  inhibition  is 
noncompetitive  with  respect  to  both  benzoyl-CoA  and  glycine  according 
to  reciprocal  plots.  Finally,  the  inhibition  by  hippurate  depends  on  the 
acyl  donor,  only  about  one-twentieth  of  the  concentration  required  for 
50%  inhibition  being  necessary  for  acetyl-CoA  compared  to  benzoyl-CoA. 
It  is  difficult  to  reconcile  these  data  with  any  detailed  mechanism  unless  it 
is  assumed  that  the  hippurate  combines  with  a  group  adjacent  to  the  active 
center  and  interferes  in  some  manner  with  the  transacylation  process. 
The  inhibition  of  urease  by  NH+4  presents  somewhat  different  problems 
(Hoare  and  Laidler,  1950).  Here  there  are  two  sites  at  which  urea  can  be 
bound  although  reaction  occurs  when  urea  is  bound  to  one  site  and  water 
to  the  other.  The  rate  equations  developed  for  the  various  possibilities  are: 

(S') 
Uninhibited  reaction:  v  =  V,„ 

Noncompetitive  inhibition:       v,  =  V„ 
Competitive  inhibition: 

Inhibition  at  one  site:  v,-  =  F„ 

Inhibition  at  both  sites:       t',  =  F„ 

By  plotting  v/v^  against  (I)  it  was  shown  that  the  inhibition  was  non- 
competitive. Since  deviations  from  the  expected  behavior  did  occur  at 


[1  +  (S')]^ 

(4-42) 

(S') 

(4-43) 

[1  +  (S')]^  [1  +  d')] 

(S-) 

(4-44) 

[1  +  (S-)]  [1  +  (SO  +  (D] 

(S') 

(4-45) 

[1  +  (S')  +  a')y 
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high  inhibitor  concentrations,  but  were  in  the  opposite  direction  from  that 
predicted  for  competitive  effects,  it  was  concluded  that  this  simple  treat- 
ment was  not  completely  adequate.  However,  this  example  does  illustrate 
that  product  inhibition  can  be  complicated  by  deviations  from  the  simple 
formulation  of  Michaelis  and  Menten  and  that  multiple  substrates  and  sites 
must  be  taken  into  account  in  elucidating  specific  mechanisms. 

The  inhibition  of  cholinesterase  by  choline  was  first  demonstrated  by 
Roepke  (1937)  in  serum  and  the  competitive  nature  of  the  inhibition  indi- 
cated by  appropriate  reciprocal  plotting,  the  affinity  for  the  choline  being 
comparable  to  that  for  acetylcholine  which  would  be  expected  if  the  prin- 
cipal binding  energy  is  derived  from  the  anionic  site  attachment.  Similar 
results  were  obtained  by  Ziff  et  al.  (1938)  using  a  different  procedure  for 
the  evaluation  of  the  kinetics  and  subsequent  work  has  confirmed  this 
picture  of  product  inhibition  for  the  serum  enzyme.  A  more  thorough 
investigation  was  made  by  Augustinsson  (1948)  and  completely  compe- 
titive inhibition  was  shown  for  horse  serum  cholinesterase  using  a  variety 
of  substrates.  However,  for  the  erythrocyte  and  brain  enzymes  the  curves 
deviated  from  linearity,  although  a  competitive  type  of  inhibition  was 
suggested  by  the  fact  that  the  curves  all  passed  through  a  single  point  on 
the  ordinate.  The  explanation  is  that  for  these  tissue  cholinesterases  we 
have  both  substrate  and  product  inhibition  simultaneously.  The  presence 
of  choline  shifts  the  substrate  concentration  for  maximal  rate  (Sq)  to  higher 
values  as  would  any  competitive  inhibitor;  a  concentration  of  choline  nec- 
essary for  44%  inhibition  increased  (Sq)  about  ten-fold.  It  is  interesting 
that  the  cholinesterase  from  Helix  dart  sac,  which  does  not  exhibit  marked 
substrate  inhibition,  gave  linear  curves  in  the  usual  l/v  —  1/(S)  plot  but 
these  curves  did  not  intersect  on  the  l/v  axis  nor  on  the  1/(S)  axis.  It  is 
possible  that  this  indicates  mixed  inhibition  where  the  binding  of  choline 
does  not  completely  prevent  binding  of  acetylcholine;  extrapolating  the 
curves  to  their  intersection  indicates  that  choline  increases  the  Kg  of  ace- 
tylcholine some  seven-fold  (see  Chapter  5). 

The  noncompetitive  nature  of  much  product  inhibition  has  been  sur- 
prising to  some  investigators  because  the  usual  structural  similarity  be- 
tween product  and  substrate  implies  reaction  at  the  same  site.  However, 
if  it  is  assumed  that  there  are  two  sites,  a  substrate  site  forming  ES  and 
a  product  site  forming  EP,  and  that  ES  is  transformed  into  EP  in  the  course 
of  the  reaction,  the  following  scheme  represents  the  situation: 

S 
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E 
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/l"V    /^ 


X     ^/       P 


E  (4-46) 
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The  1:)inding  of  product  to  its  site  prevents  the  reaction  ES  ->  EP  but  does 
not  necessarily  prevent  the  binding  of  tlie  substrate  so  that  the  complex 
ESP  occurs.  Noncompetitive  kinetics  will  be  given  by  this  system  and  it 
is  possible  that  many  of  the  instances  of  product  inhibition  fall  into  this 
category. 

Product  Inhibition  in   Multienzyme  Systems 

In  a  sequence  of  reactions  catalyzed  by  a  series  of  enzymes,  the  product 
of  any  step  may  inhibit  an  enzyme  earlier  in  the  sequence  rather  than  the 
one  responsible  for  its  formation.  Such  a  mechanism  may  exert  a  self- 
regulatory  control  on  the  over-all  rate.  One  of  the  final  products  of  pyrimi- 
dine  synthesis  is  cytidylic  acid  and  this  inhibits  the  first  reaction  in  the  se- 
quence (Pardee,  1959);  thus  the  synthetic  rate  is  controlled  by  the  accu- 
mulation of  this  product.  In  systems  of  any  degree  of  complexity,  product 
inhibition  may  be  a  major  factor  in  rate  regulation  and  particularly  within 
the  cell  this  may  contribute  to  the  metabolic  organization. 

The  degree  of  inhibition  exerted  by  a  product  depends  on  the  level  of 
concentration  reached  and  hence  on  both  the  rate  of  its  formation  and  the 
rate  of  its  disappearance.  A  product  may  either  diffuse  away  from  the  en- 
zyme it  inhibits  or  it  may  be  further  altered  by  another  enzyme.  In  a  steady 
state  the  product  concentration  will  remain  constant  and  exert  a  constant 
inhibition.  If  now  another  inhibitor  is  introduced  there  are  two  ways  in 
which  the  system  may  be  affected.  If  the  inhibitor  acts  on  the  enzyme 
forming  the  product,  the  product  concentration  will  decrease  and  the 
inhibition  exerted  on  this  enzyme  will  be  lessened;  thus  the  inhibition  caused 
by  the  added  inhibitor  will  be  less  than  expected  on  the  basis  of  no  pro- 
duct inhibition.  Or  the  inhibitor  may  act  on  the  enzyme  that  destroys 
the  product,  in  which  case  the  product  concentration  will  rise  and  the 
inhibition  will  be  greater  than  would  have  been  exerted  by  the  added 
inhibitor  alone.  The  steady-state  concentration  of  product  in  the  follow- 
ing system: 

k 
K,  El  +  S^EiS  -^Ei  +  P 

K^  Ei+P  — EiP  (4-47) 

K^'  E,  -f  P— E.P^E,  +Q 

may  be  determined  by  the  equation: 
d(?) 


(It 


^•i(EiS)  -  A-,(E,P)  =  0  (4-48) 


The  expression  for  (P)  will  be  quadratic  and  will  depend  on  the  type  of 
product  inhibiton.   For  competitive   inhibition: 
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(4-49) 


1  + 
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where  F,„  is  the  maximal  rate  for  E^  and  F,„'  for  E,.  The  quantity 
4i5CpiCp'(S)F„;/^,F„/  determines  the  level  of  (P).  If  the  inhibition  is  on 
El,  either  K^  is  increased  or  F,„  is  decreased;  in  either  case  (P)  is  seen  to 
decrease.  If  E^  is  inhibited,  either  K^  is  increased  or  F„/  is  decreased, 
resulting  in  increase  in  (P).  For  noncompetitive  inhibition,  KJ{S)  is  re- 
placed by  1  +  KJ{^).  If  the  product  diffuses  away  at  a  rate  proportional 
to  k'(P),  the  corresponding  quantity  in  the  quadratic  equation  is  4(S)F,„/ 
k'Kg,  from  which  a  similar  decrease  in  (P)  is  seen  to  occur  upon  inhibition 
of  the  enzyme. 

An  example  of  such  a  mechanism  occurs  in  the  early  stages  of  glycolysis: 


El  Ea 

Glucose  ;z±  glucose— 6  — P  ;=± 


fructose -6 -P  ^  fructose- 1,6 -diP      (4-50) 


where  E^  is  hexokinase.  Eg  is  phosphoglucose  isomerase,  and  Eg  is  6-phos- 
phofructokinase.  The  second  reaction  is  very  rapid  and  the  free  energy 
change  for  it  is  very  small  (glucose-6-P/fructose-6-P  =  2.3);  fructose-6-P 
also  inhibits  hexokinase  but  about  half  as  potently  as  glucose-6-P.  Thus 
this  second  reaction  is  relatively  unimportant  and  the  third  reaction  may 
be  considered  as  the  principal  step  for  the  removal  of  inhibitory  products. 
Crane  and  Sols  (1953)  found  that  addition  of  6-phosphofructokinase  did 
reduce  the  inhibition  on  hexokinase.  Thus  in  the  cell  it  is  possible  that 
these  enzymes  may  form  a  steady-state  system  regulated  in  part  by  the 
level  of  hexose  monophosphates.  Both  stimulation  and  inhibition  of  hexo- 
kinase will  therefore  be  less  effective  than  expected  on  the  basis  of  studies 
of  the  purified  enzyme.  It  is  likely  that  many  similar  situations  occur  in 
the  metabolic  sequences  and  cycles  within  the  cell. 


CHAPTER  5 

DETERMINATION   OF  THE  MECHANISMS 
AND  CONSTANTS  OF   INHIBITION 


Information  on  the  mechanism  of  an  inhibition  may  be  obtained  from 
accurate  kinetic  data  provided  these  data  are  subjected  to  the  appropriate 
analyses.  At  the  same  time  it  is  usually  possible  to  determine  the  constants 
that  quantitatively  characterize  the  inhibition.  A  study  of  enzyme  inhibi- 
tion should  ideally  involve  a  determination  of  the  important  kinetic  and 
equilibrium  constants  because  the  mechanism  cannot  be  adequately  ex- 
pressed otherwise.  A  mechanism  of  inhibition  in  an  isolated  enzyme  system 
cannot  be  arrived  at  without  data  and  procedures  capable  of  supplying 
these  constants  nor  can  the  mechanism  be  applied  to  more  complex 
situations  without  a  quantitative  delineation  of  the  reactions  involved.  It 
is,  for  example,  not  sufficient  to  state  that  an  inhibition  is  competitive 
without  providing  the  appropriate  constants,  since  if  the  data  are  not 
adequate  for  the  evaluation  of  the  constants  they  are  usually  not  adequate 
to  prove  a  competitive  mechanism.  The  mere  statement  that  an  enzyme 
is  inhibited  to  a  certain  degree  by  a  single  concentration  of  an  inhibitor 
—  and  such  reports  are  very  common  —  may  possibly  provide  some  evi- 
dence of  an  enzyme  group  involved  but  alone  indicates  nothing  of  the  mech- 
anism nor  of  the  behavior  of  the  enzyme  and  inhibitor  in  the  intact  cell. 
The  methods  for  the  calculation  of  inhibition  constants  are  straightforward 
in  isolated  enzyme  systems  and  require  only  the  proper  data  and  a  critical 
choice  of  the  procedures  used.  The  basic  approach  to  such  determinations 
was  made  by  Line  weaver  and  Burk  (1934)  but  other  procedures  have  been 
developed  which  are  more  accurate  and  applicable  in  specific  cases.  True 
inhibition  constants  cannot  usually  be  obtained  directly  from  the  simple 
plotting  techniques  because  the  constants  derived  are  frequently  not  the 
dissociation  constants  of  the  enzyme-inhibitor  complex  but,  as  is  the  case 
with  the  Michaelis  constant,  contain  other  constants  or  depend  on  the  con- 
centrations of  activators  or  coenzymes.  However,  it  is  generally  possible 
to  determine  the  true  inhibition  constant  if  the  components  of  the  enzyme 
are  known,  if  their  effects  on  the  inhibition  are  investigated,  and  if  these 
data  are  subjected  to  the  proper  graphical  methods.  It  is  equally  easy  to 
determine  constants  and  to  misinterpret  them.  If  inhibition  constants  are 
to  be  useful  in  any  way  —  whether  applied  to  more  complex  cellular  sys- 
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terns  or  utilized  for  the  accurate  topological  characterization  of  an  active 
center  —  it  is  absolutely  essential  that  the  nature  of  the  constants  be  un- 
derstood. The  pitfalls  of  interpretation  increase  with  the  complexity  of 
the  enzyme  system  and  most  of  the  important  enzymes  of  cell  metabolism 
are  now  realized  to  be  quite  complex. 

The  primary  purpose  of  this  chapter  is  to  present  several  methods  for 
the  plotting  of  enzyme  kinetic  data  and  to  indicate  how  misinterpretation 
of  mechanisms  and  constants  may  be  avoided.  To  facilitate  explanation 
of  the  graphical  techniques  we  shall  illustrate  each  by  simple  competitive 
inhibition,  then  proceed  to  a  generalized  presentation,  and  finally  give  the 
plotted  curves  expected  for  the  more  important  types  of  inhibition  discuss- 
ed in  the  previous  two  chapters.  The  different  characteristics  of  these  plots 
are  more  readily  understood  by  directly  examining  the  graphs  rather  than 
by  inspection  of  the  kinetic  equations  and  hence  emphasis  has  been  placed 
on  illustration;  it  is  a  simple  matter  to  transform  any  of  the  previous  rate 
or  inhibition  equations  into  the  equation  to  be  plotted  but  it  is  not  always 
easy  to  visualize  the  results  of  the  plotting. 

THE    METHODS    OF   GRAPHICAL   ANALYSIS 

The  rate   equation   for   completely  competitive   inhibition   (Eq.    3-12): 

""'■       ''"  {S)+K,[l  +a)IK,] 
may  be  rearranged  into  four  forms  conducive  to  useful  plotting. 

The  Plot  of  ^|VJ  against  1/(S)  (Type  A) 

This  method  of  plotting  was  outlined  by  Lineweaver  and  Burk  (1934) 
and  the  results  are  frequently  referred  to  as  Lineweaver-Burk  plots  or 
as  double-reciprocal  plots.  The  transformed  equation  is: 


1  1  K„ 


Vi         F,„         F,„(S) 


-t 


(5-1) 


Plotting  1/y,  against  1/(S)  one  obtains  a  straight  line  with  a  slope  equal  to 
{K„JV,J  [1  -|-  {l)IK^]  and  intercepting  the  l/v^  axis  at  1/F,„.  The  compara- 
ble equation  for  the  uninhibited  system  is: 

—  =  —  +  — ^-  (5-2) 

which  gives  a  line  of  less  slope  but  of  the  same  intercept.  This  and  the 
other  methods  of  plotting  are  illustrated  for  competitive  inhibition  in 
Fig.   5-1. 
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'(S) 


'(S) 


Fig.  5-1.  The  basic  methods  of  plotting  apphecl  to  competitive  inhibition.  The  dotted 
hnes  represent  the  uninhibited  reaction. 
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The  symbol  K^  is  used  in  the  graphs  but  it  must  be  remembered  that 
it  is  the  Michaelis  constant  which  is  often  determined  by  the  graphical 
procedures.  The  difference  between  KJ,^  and  Kg  has  been  discussed  in  Chap- 
ter 2.  In  the  interest  of  the  correct  historical  attribution  of  these  graphical 
procedures,  it  is  necessary  to  point  out  that  the  plot  of  \jv  against  1/(S) 
was  initially  described  in  1932  by  Haldane  and  Stern  in  their  book,  "  Allge- 
meine  Chemie  der  Enzyme  "  (1932,  p.  119)  as  the  result  of  a  suggestion  by 
B.  Woolf.  The  plots  of  i;/(S)  against  v  and  (S)/v  against  (S)  were  also  discuss- 
ed. These  methods  were  originally  applied  only  to  uninhibited  enzyme 
reactions;  however,  Haldane  and  Stern  distinguished  between  competitive 
and  noncompetitive  inhibition. 

Thus  a  characteristic  of  these  plots  for  competititive  inhibition  is  that 
the  slopes  vary  with  inhibitor  concentration  but  the  1/v,  intercept  remains 
constant.  The  intercept  gives  the  value  of  7,„  and  from  the  slope  of  the 
uninhibited  reaction  the  value  of  ^„,  may  be  determined;  the  slope  from 
the  inhibited  reaction  may  then  be  used  to  calculate  K^.  The  value  of  K^ 
should  be  independent  of  the  inhibitor  concentration  used  and  it  is  advisable 
to  plot  at  different  inhibitor  concentrations  to  confirm  this  and  increase 
the  accuracy  in  the  determination  of  K^. 

The  Plot  of  (S)/i',-  against  (S)  (Type  B) 

This  procedure,  also  suggested  by  Lineweaver  and  Burk,  provides  par- 
allel straight  lines  of  constant  slope  1/F,,,,  the  constants  K^^  and  K^  now 
being  calculated  from  the  {^)^v^  intercepts  or  the  (S)  intercepts  as  indicated 
by  the  following  equation: 


(S)    ^   (S)         /i, 

V;  F,„  V,, 


-1 


(5-3) 


There  are  certain  instances,  as  in  substrate  inhibition,  where  this  method 
has  advantages  over  the  previous  one. 

The  Plot  of  Vj  against   Vjj{S)  (Type  C) 

This  method  was  originally  used  by  Augustinsson  (1948)  in  his  studies 
on  cholinesterase  and  elaborated  by  Hofstee  (1956)  who  claimed  certain 
advantages  which  will  be  considered  later.  The  equation: 


v.  =  V     -    ''^ 


(S) 


1  +  ^ 

K> 


(5-4) 


shows  that  straight  lines  of  negative  slope  will  be  obtained,  from  which 
the  constants  may  be  calculated  directly. 
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The  Plot  of  1//,  against  (I)  (Type  D) 

One  of  the  most  useful  methods,  developed  particularly  by  Dixon  (1953  b), 
allows  direct  determination  of  K^  and  is  based  on  the  equation: 


1 


Km 


A^„(I) 


(5-5) 


If  plots  are  made  for  two  different  substrate  concentrations,  the  intersec- 
tion of  these  straight  lines  will  occur  at  an  ordinate  of  —  K^.  When  the 
constants  for  the  uninhibited  reaction  are  known,  a  plot  for  only  one  sub- 
strate concentration  will  provide  means  of  calculating  K^,  using  either  the 
slope  or  the  (I)  intercept.  When  the  intersection  method  is  used,  it  is  evi- 
dent that  the  two  substrate  concentrations  should  be  as  far  apart  as  possible 
so  that  the  intersection  point  can  be  accurately  located. 

The  Plot  of  1//  against  1/(1)  (Type  E) 
The  inhibition  equation  for  competitive  inhibition  (Eq.  3-13): 

.  _  (I) 

'         (I)  +  K^  [1  +  (S)/AJ 

can  be  transformed  into  the  reciprocal  equation: 


1 


1  + 


K^ 

(I) 


1  + 


K,„ 


(5-6) 


and  when  l/i  is  plotted  against  1/(1),  straight  lines  intersecting  on  the 
Iji  axis  are  obtained.  This  method  will  not  provide  K^  unless  ^,„  is 
known  but  if  the  slopes  at  two  different  substrate  concentrations  are 
plotted  against  (S),  the  intercept  will  give  K,  since  the  slope  approaches 
Ki  as  the  substrate  concentration  decreases. 


The  Single-Curve  Plot  (Type  F) 

This  method  was  introduced  by  Hunter  and  Downs  (1945)  in  connection 
with  their  studies  on  the  inhibition  of  arginase  by  amino  acids  and  is  a  very 
efficient  and  accurate  procedure  in  certain  instances.  For  competitive  inhi- 
bition the  equation  used  is  of  the  form: 


(I)(l 


K,+ 


Kii^) 
K„, 


(5-7) 


and  when  (I)(l  —  ^)/^  is  plotted  against  (S)  a  straight  line  is  obtained  which 
gives  —  K,,i  on  the  (S)  intercept  and  K^  on  the  (I)(l  —  i)li  intercept,  the 
slope  being  the  ratio  KJK^^. 
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GENERALIZED   EQUATIONS   FOR   DETERMINATION 
OF  CONSTANTS 


Six  types  of  plotting  procedures  have  been  outlined  for  the  specific 
case  of  completely  competitive  inhibition.  These  may  be  applied  to  any 
mechanism  of  inhibition  and  before  considering  particular  situations  it 
will  be  profitable  to  indicate  a  general  approach  from  which  most  cases 
of  inhibition  can  be  derived. 

Let  us  assume  that  in  addition  to  the  substrate  the  enzyme  binds  other 
substances  X^,  X,,  ...  X„  which  may  be  activators,  inhibitors,  cofactors, 
coenzymes,  hydrogen  ions,  or  any  component  of  the  total  reaction.  The 
general  expression  for  the  total  enzyme  concentration  is  thus: 

(E,)  =  (E)  +  (ES)  +  (EXJ  +  ...  +  (EXJ  +  (EX,S)  +  ...  +  (EX„8)     (5-8) 

If  ES  is  the  only  active  complex  breaking  down  to  the  products,  this  equa- 
tion may  be  rewritten  in  terms  of  (ES): 


(E,) 


(S) 


(ES)  +  (ES)  + 


+ 


(X,) 


aK, 


+  ... 


A%(X,) 
(S)Ai 

(XJ 


I'/i, 


+ 


(ES) 


/is(Xj 


(S)/i„ 


(ES) 


(5-9) 


and  the  rate  equation   derived  from  v  =  A'(ES),   in  the  double-reciprocal 
(type  A)  form  is  given  by: 


1 

V 

1 

(XJ1 

Ks 

_    ^     K,    ^ 

(5-10) 

where  a  ...  v  are  the  interaction  constants: 


K,  = 


(E)(X,) 
(EX,) 


aKi 


(ES)(X,) 
(ESX,) 


etc. 


indicating  the  effect  of  each  component  on  the  binding  of  substrate.  A  plot 
of  \jv  against  1/(S)  will  give  a  straight  line  with  the  characteristics: 


(5-11) 


Slope  = 

A'. 

V,n 

"l  ^  ^^'^    + 

V    '      A,      '    • 

Xjv  Intercept  = 

1 

h-'^;'- 

.  +  '■^••'  1 

(5-12) 


Thus  the  slope  is  de]iendent  on  the  interaction  constants  while  the  inter- 
cept is  not.  If  the  inhibition  is  partially  noncompetitive  (or  if  any  other 
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components  of  the  system  merely  modify  the  rate),  complexes  other  than 
ES  may  be  active  and  the  rate  expressions  will  be  similar  to  that  above 
but  will  involve  additional  terms  for  each  active  complex.  If  we  take  Xj 
to  be  an  inhibitor,  the  six  equations  used  in  plotting  may  be  written  as: 


Type  A: 

1             1 

ahi 

+  .. 

Type  B: 

1           K, 

f> '  ? 

-  +  . 

K, 


rjs) 


_(S)_ 
F,„ 


_(I)_  (X.J 


(I) 


+ 


(5-13) 

(xj- 

vKn    . 

(5-14) 


Type  C: 


Vi 


Vr,> 

^(xj-j 

VzKs 

(S) 


(I)      ,  (XJ 


(I)  (XJ 


^-t4   (5-15) 


Type  D: 

1             1 

^  "  f7 

fi  +  ^^^^^ 

+  ...  +  ^ 


+ 


(I) 

"F,„A^ 


Ks       \ 

1 

VJ8)    [ 

1 

a 

(S)J 

__(X^ 


(XJI 

'A„  J 

(5-16) 


Type  E: 


aK, 


(I) 


(S) 
A, 


^    1 


(X,)  (XJ    ,    (S) 

A%    "^■■■^    A„         A, 


1  + 


(X,) 
iSA, 


(XJ 
(5-17) 


Type  F: 
(I)(l    -i] 


uK, 


a  + 


(S) 


(X,) 
A. 


(XJ    ,    (8) 
A„         A. 


1  + 


(X,) 


•...+ 


(X„ 


iA„ 

(5-18) 


When  more  than  one  substrate,  inhibitor,  or  other  component  molecule 
reacts  with  the  enzyme,  the  equations  must  be  correspondingly  modified 
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but  otherwise  they  provide  the  means  for  obtaining  expressions  for  the 
most  common  types  of  enzyme  systems  and  inhibitions. 

The  most  important  conchision  reached  from  inspection  of  these  equa- 
tions is  that  errors  may  be  introduced  into  the  determination  of  Kg  or 
Ki  by  the  presence  of  other  components  such  as  activators  or  coenzymes 
(or  in  enzyme  systems  wliere  the  hydrogen  ion  is  involved  in  the  active 
complex).  Let  us  take  one  example  to  illustrate  this.  We  shall  assume  that 
plotting  the  kinetic  data  gives  curves  indicating  competitive  inhibition  as  in 
Fig.  5-2.  If  an  activator  is  present  the  following  errors  may  be  introduced. 


V. 


Fig.  5-2.  Example  to  denionstrate  the  possible  errors 
in  the  calculation  of  K^  and  A',  in  plots  of  type  A.  It 
is   assumed  that   an   activator  is  present  (Eq.  5-19). 


To  calculate  K^  the  slope  of  the  uninliil)ited  curve  is  divided  by  the  \jv^ 
intercept;  this  will  give  the  true  Kg  (or  the  true  ^,„  in  the  general  case) 
only  when  the  presence  of  the  activator  on  the  enzyme  does  not  alter  the 
binding  of  substrate,  i.e.,  when  /?  =  1. 


ha 

^■• 

I',„(S) 

(5-19) 
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The  substrate  constant  that  is  calculated  would  thus  be: 


K. ,'  =  K. , 


PK,  ^  {A) 


(5-20) 


Determination  of  iiT,  would  normally  involve  dividing  the  slope  of  the  inhi- 
bited curve  bj^  the  slope  of  the  uninhibited  curve: 

slope.  ,    =  E  slope    .  , 

inh  uninh 

and  E.  would  be  set  equal  to  1  -f  {1)!K,.  However,  when  an  activator  occurs: 

so  that  the  calculated  K/  will  be  less  than  the  true  K^  by  a  factor  that  may 
be  appreciable.  Of  course,  if  the  occurrence  of  the  activator  is  recognized 
and  its  effects  are  determined,  it  is  possible  to  calculate  the  true  K^.  It 
may  be  observed  that  if  the  inhibitor  or  enzj^me  active  site  has  groups 
that  dissociate  within  the  experimental  pH  range,  the  calculated  K/  will 
include  a  factor  in  (H+)  and  thus  depend  on  the  pH. 


SPECIFIC   TYPES    OF    INHIBITION 

The  basic  types  of  inhibition  on  simple  systems  —  completely  and  par- 
tially competitive  and  noncompetitive,  and  mixed  —  give  the  curves 
shown  in  Fig.  5-1  and  5-3  to  5-6.  The  marked  differences  between  the 
curves  in  completely  competitive  and  noncompetitive  systems  make  these 
two  types  of  inhibition  easy  to  distinguish  if  the  data  and  plotting  are 
accurate,  whatever  system  of  plotting  is  used.  However,  a  problem  arises 
if  the  inhibition  is  partially  competitive  or  noncompetitive,  because  in 
general  the  curves  will  be  of  the  same  basic  nature  but  with  modified 
slopes  or  intercepts.  If  this  is  not  realized  it  will  lead  to  errors  in  the  cal- 
culation of  the  constants.  As  an  example  we  shall  take  a  case  of  partial 
competitive  inhibition  where  the  inhibitor  does  not  prevent  binding  of 
substrate  [a  =  oo)  but  only  increases  the  dissociation  constant  five-fold 
{a  =  5).  The  ratio  R  between  the  slopes  of  the  inhibited  and  uninhibited 
curves  in  a  type  A  plot  would  normally  be  expected  to  be  equal  to  1  + 
{l)jK^  but  when  a  7^  oo  its  value  is  given  by: 

aKi  +  a(I) 
aKi  +  (I) 

Thus  the  calculated  K-   is  not  the  true  ^,  but: 

E 


K/  =  K, 


(5-23) 
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(I){l-i) 


^.      "4-f 


(S) 


Fig.  5-3.  The  basic  methods  of  plotting  apphed  to  noncompetitive  inhibition.  The 
dotted  lines  represent  the  uninhibited  reaction. 
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F        (i)(i-:) 


(S) 


Fig.  5-4.  Partially  competitive  inhibition.  The  numbers  on  the  curves  are  the  values 
of  the  substrate-inhibitor  interaction  constant  u. 
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If  we  make  the  reasonable  assumption  that  the  slope  of  the  inhibited  curve 
is  twice  that  of  the  uninhibited  (R  =  2),  we  find  that  K-  =  0.6  K^.  When 
a  has  some  value  between  2  and  50,  carefully  plotted  type  D  curves  will 
be  seen  to  be  curved  concavely  downward  (Fig.  5-4  D)  and  this  may  pos- 
sibly give  a  hint  of  partially  competitive  inhibition.  Nevertheless  this  is 
a  modification  of  simple  kinetics  that  is  difficult  to  detect  experimentally. 
A  rather  cumbersome  method  may  be  suggested.  If  type  A  plots  are  made 
for  different  concentrations  of  inhibitor  and  the  values  of  R  obtained  from 
each  are  plotted  against  K/,  the  true  K^  is  indicated  by  the  /il /-intercept. 
Perhaps  a  simpler  procedure  is  to  examine  the  1/i  intercepts  of  type  E 
plots;  almost  all  types  of  inhibition  give  intercepts  of  unity  but  partial 
inhibitions  are  characterized  by  higher  intercepts  (Fig.  5-4  E  and  5-5  E). 
The  values  of  a  or  /?  may  be  calculated  if  the  type  (competitive  or  non- 
competitive) of  inhibition  is  established  by  other  plots;  the  1/?'  intercepts 
are: 

a  +  {S)IK, 


Partially  competitive: 


1 


Partially  noncompetitive: . 

A  situation  which  has  seldom  been  considered,  but  yet  may  be  of  consid- 
erable importance,  is  mixed  inhibition.  In  this  case  the  presence  of  the 
inhibitor  on  the  enzyme  prevents  the  breakdown  of  the  active  complex 
but  also  interferes  to  some  extent  with  the  binding  of  substrate.  The  in- 
tersections of  type  A-D  curves  do  not  fall  on  either  axis  but  at  points  from 
which  the  extent  of  deviation  from  noncompetitive  inhibition  may  be 
determined.  The  literature  contains  many  examples  of  type  A  plots  where 
the  curves,  although  linear,  do  not  meet  at  the  axes;  usually  the  inhibition 
is  stated  to  be  competitive  or  noncompetitive  depending  upon  the  axis  to 
which  the  intersection  is  closer.  It  is  quite  possible  that  these  represent 
mixed  inhibition.  The  inhibition  in  such  cases  will  be  intermediate  be- 
tween competitive  and  noncompetitive  for  any  specific  concentration  of 
inhibitor.  From  Fig.  5-6  A  it  may  be  observed  that  the  intersection  is  at 
—  IjaKg  on  the  abscissa  and  thus  the  value  of  a  may  be  easily  calculated. 
It  is  interesting,  however,  that  the  slope  does  not  depend  on  a  and  hence 
the  usual  method  of  calculating  K^  from  the  slope  ratio  leads  to  no  error. 
The  other  methods  of  plotting  can  yield  similar  results.  If  a  is  not  too  high, 
a  plot  of  type  F  can  be  indicative  of  mixed  inhibition  due  to  the  character- 
istic turning  downward  of  the  curve  (Fig.  5-6  F). 

Coupling  Inhibition  (Uncompetitive  or  Anticompetitive) 

Although  this  type  of  inhibition  may  be  relatively  uncommon,  there 
should  certainly  be  no  difficulty  in  detecting  it  inasmuch  as  the  various 
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(I) 


Fig.  5-5.  Partially  noncompetitive  inhibition.  The  numbers  on  the  curves  are  the 

values  of  the  constant  p. 
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Fig.  5-6.    Mixed  inhibition.  The   dotted   lines   represent   the   uninhibited   reaction. 
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Fig.  5-6   (continued) 
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Fig.  5-6  {coutinued) 
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plotting  procedures  give  curves  markedly  different  from  any  type  of  usual 
inhibition  (Fig.  5-7).  The  inhibition  constant  K- ,  representing  the  disso- 
ciation constant  of  the  EIS  complex  into  ES  and  I,  may  be  readily  cal- 
culated by  most  of  the  graphical  methods.  It  may  be  noticed  that  this  is 
the  only  type  of  inhibition  considered  which  gives  a  hyperbolic-type 
curve  in  type  F  plotting  (Fig.   5-7  F). 

Inhibition   in   Systems   Involving  an   Activator 

When  the  inhibition  is  noncompetitive  with  respect  to  both  substrate 
and  activator,  the  curves  obtained  by  all  the  above-described  methods  are 
identical  in  behavior  with  those  for  noncompetitive  inhibition  in  systems 
without  an  activator  (compare  Fig.  5-3  and  5-8);  however  the  values  of 
the  slopes  and  intercepts  are  different.  A  more  interesting  situation  arises 
in  inhibition  that  is  competitive  with  the  activator  but  not  with  substrate. 
It  is  evident  that  plotting  by  the  methods  outlined  will  lead  to  curves  of 
a  noncompetitive  type  because  they  have  been  plotted  with  respect  to 
the  substrate.  However,  if  the  activator  is  essential  for  the  binding  of  the 
substrate,  the  curves  will  be  of  a  competitive  type  (compare  Fig.  5-9  and 
5-10)  because  in  such  a  system  the  inhibitor  is  essentially  competing  with 
both  activator  and  substrate,  although  with  the  latter  indirectly.  The 
finding  of  competitive  type  curves  can  then  mean  that  the  inhibitor  is 
primarily  reacting  with  the  activator  site  and  not  with  the  substrate  site. 
If  this  is  not  realized,  the  calculations  of  constants  will  be  in  error. 

The  true  situation  and  accurate  evaluation  of  constants  can  be  attained 
by  plotting  with  respect  to  activator  as  in  Fig.  5-11  to  5-13.  The  most 
straightforward  method  is  perhaps  the  single-curve  plotting  of  type  F 
because  the  constants  are  directly  obtainable  but  it  has  been  rarely,  if 
ever,  utilized.  The  method  of  plotting  Ijv^  against  1/(S)(A)  has  been  il- 
lustrated for  it  has  been  used  occasionally  but  it  presents  no  obvious  ad- 
vantages. As  pointed  out  in  Chapter  3,  the  situation  involving  coenzymes 
or  donor-acceptor  reactions  follows  activator  kinetics  and  the  plotting  pro- 
cedures are  similar.  In  any  case,  where  there  is  a  second  component  in  the 
enzyme  system,  it  is  well  to  investigate  the  effects  upon  the  inhibition  of 
varying  its  concentration,  plotting  the  results  with  respect  to  this  compo- 
nent as  well  as  substrate. 

Reaction  of  Inhibitor  with  Substrate 

The  usual  methods  of  plotting  in  this  case  lead  to  deviations  from  lin- 
earity (Fig.  5-14).  It  is  not  difficult  to  detect  such  inhibition  but  the  con- 
stant K^j^  for  the  dissociation  of  the  SI  complex  is  not  readily  obtainable 
from  the  curves.  A  procedure  suggested  in  Chapter  3  is  perhaps  more  prac- 
tical (see  Eqs.  3-73  and  3-74). 
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Fig.  5-7.   Coupling   or    uncompetitive    inhibition.   The    dotted    hnes    represent    the 

uninhibited   reaction. 
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Fig.  5-8.   Noncompetitive    inhibition,   with   respect    to  both    the    substrate  and  an 
activator.  The  dotted  hnes  represent  the  uninhibited  I'eaction. 
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Fig.  5-9.  Competitive  inhibition  with  respect  to  an  activator.  The  dotted  hnes  re- 
present the  uninhibited  reaction. 
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Fig.  5-10.  Competitive  inhibition  with  respect  to  an  activator  that  is  essential  for 
the  binding  of  the  substrate.  The  dotted  Hnes  represent  the  uninhibited  reaction. 
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Fig.  5-11.  Noncompetitive  inhibition  with  respect  to  both  the  substrate  and  an 
activator.  The  plots  are  made  using  the  concentration  of  the  activator  rather  than 
the  substrate.  The  dotted   Hues   represent   the   iniinhibited   reaction.  See  Eq.  3-61. 
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Fig.  5-12.  Competitive  inhibition  with  respect  to  an  activator.  The  plots  are  made 

using  the  concentration  of  the  activator  rather  than  the  substrate.  The  dotted  Hnes 

represent  the  uninhibited  reaction.  See  Eq.  3-64. 
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Fig.  5-13.  Competitive  inhibition  with  respect  to  an  activator  that  is  essential  for 
the  binding  of  the  substrate.  The  plots  are  made  using  the  concentration  of  the  acti- 
vator rather  than  the  substrate.  The  dotted  lines  represent  the  uninhibited  reaction. 

See  Eq.  3-68. 
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Fig.  5-14.  The  inhibitor  reacts  with  the   substrate,   I  +  S;^IS.  The  dotted  hnes 
represent  the  uninhibited  reaction. 
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Two  Inhibitor  Molecules  Are  Bound  to  the  Enzyme 

There  are  many  possibilities  of  behavior  depending  upon  the  exact  mech- 
anism and  only  two  cases  have  been  illustrated  in  Figs.  5-15  and  5-16.  It 
is  seen  that  noncompetitive  inhibition  yields  the  same  type  curves  as  for 
the  simple  case  of  a  single  inhibitor  molecule,  but  again  the  slopes  and 
intercepts  are  different  and  more  complex.  The  exceptions  are  types  D 
and  E  where  deviations  from  linearity  may  occur.  If  only  the  double-reci- 
procal plot  type  A  is  made  and  simple  competitive  inhibition  is  assumed,  the 
determination  of  K^  is  subject  to  error.  If  an  inhibitor  concentration  of  0.3 
mM  increases  the  slope  two-fold,  K^  would  be  found  to  be  0.3  mM  assuming 
only  one  inhibitor  molecule  is  reacting;  however,  A',  would  range  from  0.186 
to  0.486  mM  if  two  inhibitor  molecules  are  involved,  depending  on  the 
value  of  ^.  It  is  possible,  but  laborious,  to  determine  /?  from  several  plots 
of  type  A-C  at  different  inhibitor  concentrations.  The  difficulty  is  in  de- 
termining the  values  of  both  a  and  /?  if  one  is  not  known;  in  fact  it  is  unex- 
pectedly difficult  to  distinguish  between  inhibitions  with  one  and  two  in- 
hibitor molecules,  and  cases  where  there  are  multiple  sites  with  interaction 
or  intrinsically  different  A/s  are  impossible  to  deal  with  by  the  ordinary 
procedures.  Suffice  to  say  that  in  such  cases,  even  when  the  kinetics  fol- 
low simple  patterns,  the  determined  inhibition  constants  may  correspond 
to  no  actual  constants. 

Substrate   Inhibition 

If  the  concentration  of  substrate  has  not  been  increased  to  where  inhi- 
bition is  obvious  by  a  definite  drop  in  the  rate,  this  type  of  inhibition  is 
usually  detected  in  plots  of  type  A  by  a  rise  in  the  curve  as  it  approaches 
the  \jv  axis.  It  is  not  difficult  to  calculate  a  constant  for  the  inhibiting 
substrate  molecule  but,  as  pointed  out  in  the  previous  chapter,  it  is  not 
easy  to  interpret  this  constant  in  the  general  case.  Values  for  7„,  and  K^ 
may  be  obtained  from  the  slope  at  lower  substrate  concentrations  and  the 
intercept  of  the  prolongation  of  the  linear  part  of  the  curve  on  the  1/v 
axis.  This  V ,,^  is  the  theoretical  maximal  rate  if  substrate  inhibition  did 
not  occur;  the  actual  maximal  rate  -^'ocan  only  be  determined  experimentally. 
The  value  of  a  in  the  simplified  scheme  4-6  may  be  calculated  from  the  peak 
in  the  rate  curve  which  occurs  at  (Sq)  ^  K,  V  a  .  Another  method  in- 
volves a  plot  of  llv  against  (S),  for  from  the  reciprocal  of  Eq.  4-7: 

±=^  +  _^-  +  -^-  (5-24) 

V  F„.    ^  aV„K,  ^  F„,(S) 

it  is  seen  that  when  (S)  is  high  the  last  term  is  negligible,  the  slope  at 
high  (S)  being  l/aF,„A,,  and  the  intercept  of  this  line  prolonged  on  the 
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Fig.  5-15.  Noncompetitive  inhibition  in  which  two  inhibitor  molecules  are  bound 
to  the  enzyme  (a=  1).  The  dotted  lines  represent  the  uninhibited  reaction.  See  Eqs. 

3-83   and  3-84. 
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Fig.  5-16.   Inhibition  in  which  two  inhibitor  molecules  are  bound  to  the  enzyme 
and  ^  —  0.  The  dotted  lines  represent  the  uninhibited  reaction. 
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llv  axis  1/F,,,.  The  general  characteristics  of  the  standard  plots  are  shown  in 
Fig.  5-17.  The  meaning  of  a  or  the  calculated  inhibition  constant  will  vary 
with  the  choice  of  binding  situation  or  mechanism;  it  usually  is  not  the 
dissociation  constant  of  the  ES^Sa  complex  into  ES^  and  S.,. 
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Fig.  5-17.   Substrate  inhibition  of  type  A.  The  dotted  Hnes  represent  the  uninhi- 
bited reaction.   See  Eq.  -4-7. 


Inhibition  of  enzyme  systems  in  which  substrate  inhibition  occurs  does 
not  present  serious  problems  as  long  as  the  substrate  inhibition  is  recognized 
and  the  proper  graphical  methods  are  used.  Figures  5-18  and  5-19  give  the 
plots  for  noncompetitive  and  competitive  inhibition  in  such  systems  and 
the  characteristics  of  those  graphs  involving  (S)  are  dominated  by  the 
substrate  inhibition;  in  fact,  for  noncompetitive  inhibition,  where  the 
degree  of  inhibition  doesn't  depend  on  (S).  the  curves  are  merety  raised  or 
lowered  a  constant  fraction  at  any  inhibitor  concentration.  The  plots  of 
types  E  and  F  are  the  most  valuable  here  and  the  inhibition  constant  may 
be  obtained  directly. 
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Fig.  5-18.  Competitive  inhibition  of  enzyme  exhibiting  substrate  inhibition  (a  =  5). 
The  dotted  Unes  represent  the  uninhibited  reaction.  See  Eqs.  4-26  and  4-27. 
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Fig.  5-19.   Noncompetitive    inhibition   of  enzymes   exhibiting   substrate   inhibition. 
The  dotted  hnes  represent  the  uninhibited  reaction.  See  Eqs.  4-28  and  4-29. 
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Product    Inhibition 

When  the  product  inhibits  the  forward  reaction  by  combining  with  the 
enzyme  or  an  activator  in  a  manner  similar  to  that  of  an  inhibitor  by  any 
of  the  possible  mechanisms,  the  kinetics  and  the  plots  derived  from  them 
will  be  quite  comparable  to  those  exhibited  by  the  inhibitions  outlined 
above.  The  only  unique  situation  is  where  the  back  reaction  is  occurring 
and  the  deviation  from  normal  kinetics  will  depend  on  the  over-all  equili- 
brium constant  as  indicated  in  Fig.  5-20.  It  mav  be  noticed  that  even  when 
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Fig.  5-20.  Product  inhibition  at  different  values  of  the  over-all  equilibrium  constant 
A'q.  The  dotted  lines  represent  the  uninhibited  reaction.  See  Eq.  4-38. 


the  equilibrium  is  strongly  in  favor  of  the  product,  the  slope  of  the  type 
A  plot  is  dependent  on  (P)/^^;  in  this  case  the  product  is  behaving  as  a 
competitive  inhibitor  and  K^  in  easily  obtained.  The  K^  thus  determined 
will  be  a  true  dissociation  constant  and  will  not  necessarily  represent  the 
Michaehs  constant  for  the  back  reaction. 

The  inhibition  of  yeast  pyruvate  decarboxylase  by  acetaldehyde  was 
analyzed  by  Gruber  and  Wassenaar  (1960)  and  designated  as  noncompet- 
itive from  a  plot  of  l/v^-  against  (I).  It  must  be  emphasized  that  from  a 
single  plot  of  this  type  (i.e.,  at  one  substrate  concentration),  the  mecha- 
nism of  the  inhibition  cannot  be  immediately  derived.  However,  from  a 
single  curve  it  is  possible  to  calculate  Ki  from  either  the  slope  or  the  in- 
tercept on  the  (I)  axis,  assuming  competitive  or  noncompetitive  inhibition, 
and  these  values  for  K^  should  be  identical  if  the  assumed  mechanism  is 
correct.  Nevertheless,  it  is  preferable  to  plot  several  curves  for  different 
substrate  concentrations  and  determine  whether  they  do  or  do  not  meet 
at  one  point  on  the  (I)  axis. 
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DETERMINATION    OF  CONSTANTS   OTHER  THAN    K, 

Most  inhibitions  may  be  adequately  characterized  by  two  types  of  con- 
stants: dissociation  constants  indicating  the  binding  energy  and  interaction 
constants  describing  the  effects  of  the  bound  inhibitor  on  either  the  binding 
of  the  components  of  the  reaction  or  the  rate  at  which  the  active  complex 
breaks  down  to  products.  It  is  obvious  that  the  inhibition  is  not  quanti- 
tatively expressed  by  K^  alone  but  that  the  effect  of  the  inhibitor  on  the 
reaction  must  also  be  evaluated.  These  effects  and  the  values  of  the  inter- 
action constants  are  implied  when  the  inhibition  is  stated  to  be  completely 
competitive  or  noncompetitive  but  insufficient  attention  has  been  paid  to 
situations  where  the  inhibition  is  partial,  mixed,  or  more  complex. 


Determination   of  Interaction   Constants 

The  general  reaction  scheme  3-2  for  an  enzyme  not  involving  activators 
or  coenzymes  presents  an  inhibition  characterized  by  three  constants 
—  a,  /3  and  K^  —  and  is  dependent  also  on  the  uninhibited  enzyme  con- 
stants Vy„  and  Kg.  If  the  inhibition  is  not  of  the  simple  types  where  a  =  1 
or  00  or  where  /?  =  1  or  0,  it  is  possible  to  determine  these  constants  by 
the  usual  graphical  procedures.  In  the  general  case,  the  slopes  and  inter- 
cepts of  the  type  A  double-reciprocal  plot  are  given  by: 
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(5-25) 


(5-26) 


(5-27) 


(5-28) 


From  these  equations,  or  comparable  ones  from  other  types  of  plotting,  or 
from  combinations  of  different  plots,  it  is  possible  to  determine  a,  /?,  and 
K^.  For  example,  determination  of  the  slopes  and  1/Vj  intercepts  for  two 
different  concentrations  of  inhibitor  will  lead  to  a  value  for  a: 
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(5-29) 


from  which  ^  and  K^  may  also  be  calculated.  If  the  inhibition  is  obviously 
of  a  type  in  which  either  or  or  /5  assume  extreme  values,  the  calculations 
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are  simplified.  Even  for  partially  competitive  or  partially  noncompetitive 
inhibitions,  however,  calculations  must  be  based  on  plots  made  at  different 
inhibitor  concentrations,  or  results  from  two  or  more  types  of  plotting. 
It  has  already  been  pointed  out  that  the  type  E  plot  of  Iji  against  1/(1) 
is  particularly  useful  for  calculation  of  a  or  /5  in  cases  of  partially  com- 
petitive or  noncompetitive  inhibitions  since  the  intercepts  involve  only 
a  or  /?  and  known  quantities. 

Determination  of  K^jKj 

It  is  frequently  of  interest,  especially  in  competitive  inhibition,  to  know 
the  relative  affinities  of  the  enzyme  for  substrate  and  inhibitor,  inasmuch 
as  any  estimation  of  comparative  binding  energies,  to  relate  with  the  struc- 
ture or  topography  of  the  active  site,  depends  upon  an  accurate  determi- 
nation of  the  ratio  KJKj  as  discussed  in  Chapter  3.  It  is  usually  easy 
to  determine  the  ratio  K^JK-  where  K-  represents  a  calculated  inhibition 
constant  that  need  not  correspond  to  the  true  dissocition  constant  of  the 
EI  complex.  Thorn  (1953)  has  outlined  three  methods  applicable  to  com- 
petitive inhibition. 

{a)  The  values  of  K^,,  and  K^  may  be  determined  separately  by  the  plot- 
ting procedures  previously  described  and  the  ratio  of  them  secondarily 
calculated. 

(b)  The  ratio  may  be  determined  directly  by  rearranging  the  rate  Eq.  3-12 
for  competitive  inhibition  to: 

F,„      ,      a;„      a',„    (I) 

(S)    +   K,      (S) 


=  1  + 


(5-30) 


and  plotting  F,„/^i  against  (I)  at  constant  substrate  concentration,  from 
the  slope  of  which  the  ratio  of  the  constants  may  be  obtained.  This  is  es- 
sentially type  D  plotting  as  described  above  (Fig.  5-1  D). 

(c)  An   approximate   method   involves    transformation  of  Eq.    5-30   as 
follows: 
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where  v  is  the  rate  in  the  absence  of  inhibitor.  The  ratio  is  thus  found  to  be: 
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K,n      ^      (S)        r    V 

K,  (1)     L^'^ 

when  (S)  is  sufficiently  high  so  that  v  is  approximately  equivalent  to  V 
This  can  also  be  written  as: 

K,n      _      (S)         "_ 

Ki        'il)     [l 
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or  in  the  form: 


which  is  similar  to  the  Eq.  5-7  for  single-curve  plots,  but  neglects  the  K^ 
term  on  the  right  side,  thus  indicating  the  error  introduced  by  this  ap- 
proximate method. 

The  difficulty  lies  usually  in  relating  this  ratio  to  the  ratio  of  the  true 
dissociation  constants,  since  neither  K„^  nor  K/  may  be  such.  The  calcu- 
lated inhibition  constant  K/  will  equal  K^  in  simple  systems  where  no  other 
components  are  involved,  but  it  has  already  been  pointed  out  that  K^'  may 
include  the  concentrations  and  constants  of  activators,  coenzymes,  hy- 
drogen ions,  and  other  possible  components  when  determined  by  the  stan- 
dard methods  without  recognizing  the  role  such  components  may  play 
in  the  reaction.  One  common  source  of  error  appears  when  the  rate  and 
inhibition  depend  on  pH,  for,  as  will  be  shown  in  greater  detail  in  Chapter  14, 
the  Ki  found  for  a  particular  pH  will  generally  not  correspond  to  the  K^ 
for  the  EI  complex.  If  the  pH  is  not  varied  and  the  (H+)  factor  is  not  tak- 
en into  consideration  in,  the  calculation  of  K^,  considerable  error  can  arise. 
The  best  example  of  the  determination  of  a  true  KJK^  ratio  is  probably 
that  of  Thorn  (1953)  for  the  inhibition  of  succinic  dehydrogenase  by  mal- 
onate.  It  was  found  here  that  K„JK^  varied  from  4.7  to  60  depending  on 
the  nature  and  concentration  of  the  hydrogen  acceptors  used,  since  ^2  is 
dependent  on  these;  extrapolation  to  A'a  ^  0  l^d  to  a  value  of  near  3  for 
KJKi.  Such  a  low  value  indicates  that  succinate  and  malonate  are  bound 
to  comparable  degrees  (about  0.67  kcal/mole  difference  in  binding  energy) 
whereas  earlier  values  (which  were  really  K„JK^)  would  have  indicated  a 
2-3  kcal/mole  difference  in  binding.  Interpretation  of  the  spatial  relations 
of  the  cationic  sites  on  the  succinic  dehydrogenase  is  correspondingly 
modified. 

ISOBOLOGRAMS 

A  method  of  plotting  that  has  not  been  used  for  enzyme  inhibition  but 
was  developed  for  the  study  of  drug  antagonism  (Loewe  and  Muischnek, 
1926)  involves  the  construction  of  isobols  or  curves  of  constant  activity 
on  a  graph  that  has  substrate  and  inhibitor  concentrations  as  the  abscissa 
and  ordinate.  A  specific  degree  of  inhibition  is  chosen  and  the  various  pairs 
of  (S)  and  (I)  giving  this  inhibition  are  plotted  so  that  each  point  on  an 
isobol  represents  the  same  activity  of  the  enzyme  (igoc,  =  same  +  PoXyj  = 
stroke,  effect,  or  activity).  It  is,  of  course,  only  of  interest  when  substrate 
concentration  affects  the  inhibition,  as  in  competitive  cases  or  where  the 
inhibitor  reacts  with  the  substrate.  Isobols  plotted  in  the  usual  way  and 
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in  log-log  coordinates  are  given  for  competitive  inhibition  in  Figs.  5-21  and 
5-22  using  the  following  rearrangement  of  the  nsiial  inhibition  Eq.  3-13: 


(I)  =  K, 


1 


+ 


1 


(S) 


(5-35) 


This  is  seen  to  be  a  variation  of  the  single-curve  plot  of  Eq.  5-7  with  the 
terms  in  i  transposed.  Thus  it  has  no  advantage  as  a  method  for  the  deter- 
mination of  constants  but  can  be  used  for  visually  demonstrating  the 
combinations  of  substrate  and  inhibitor  concentrations  to  produce  specific 
degrees  of  inhibition.  When  the  inhibitor  reacts  with  the  substrate,  straight 
lines  are  obtained  in  the  log-log  plot,  which  may  help  to  distinguish  this 
type  of  inhibition  from  truly  competitive  situations,  as  indicated  in  Fig.  5-23. 
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Fig.  5-21.  Competitive  inhibition  isobologram  (Eq.  5-35)  plotted   on 
linear  scales.  Xj  =  1    milf  and  Ki  =  0.1   mil/. 


MUTUAL   DEPLETION    SYSTEMS 

When  the  concentration  of  free  inhibitor  is  reduced  by  combination  of 
the  inhibitor  with  the  enzyme,  the  characteristics  of  the  curves  plotted  by 
the  usual  procedures  are  altered  in  most  cases.  We  have  considered  only 
systems  in  zone  A^  and  some  comment  on  zone  C ^  kinetics  is  needed.  Inas- 
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much  as  in  zone  C„  competitive  and  noncompetitive  inhibitions  are  ex- 
pressed by  identical  equations  (3-36  and  3-53)  —  i  =  (I,)/(E,)  —  it  is  evident 
that  one  cannot  distinguish  between  them;  as  we  have  seen,  however,  it 
is  unlikely  that  a  competitive  system  can  exist  in  zone  C,.  Zone  C,  inhi- 
bition is  plotted  in  Fig.  5-24  and  these  curves  may  be  compared  to  those 
in  Fig.  5-3  to  illustrate  the  differences  between  zone  A^  and  zone  Cj  be- 
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Fig.  5-22.  Competitive  inhibition  isobologram  (Eq.  5-35)  plotted  on 
logarithmic  scales.  K^  =  \  niiV  and  X,-  =  0.1  mM. 


havior.  The  curves  plotted  by  methods  A,  B,  C,  and  F  are  similar  for  both 
zones  but  the  slopes  and  intercepts  have  different  values,  dependent  on 
the  relative  concentrations  of  enzyme  and  inhibitor  and  not  on  K^.  If 
zone  C;  behavior  is  not  recognized  (and  it  may  not  be  in  plots  of  types 
A-C  and  F),  calculation  of  K^  in  the  usual  manner  gives  a  constant  without 
physical  meaning.  Zone  Cj  kinetics  may  be  detected  by  plots  of  type  D 
and  E;  particularly  if  a  plot  of  Iji  against  l/(/^)  results  in  a  straight  line 
whose  extension  passes  through  the  origin,  zone  C^  behavior  is  evident, 
and  from  curves  of  this  type  an  estimate  of  the  enzyme  concentration  may 
be  made  (see  Chapter  3).  The  rate  equation  for  noncompetitive  inhibition 
in  zone  C ^  is  given  by: 
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from  which  the  plotting  equations  may  be  derived.  The  rate  equations  for 
inhibition  in  zone  B^  are  too  complex  to  be  useful.  We  have  already  given 
equations  from  which  K^  may  be  determined  for  noncompetitive  systems 
(Eqs.  3-42  and  3-44)  and  it  is  also  possible,  but  more  laborious,  to  do  so  for 
competitive  cases.  If  at  constant  substrate  concentration  one  determines 
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Fig.    5-23.    Isobologram   for   the   situation    in   which   the   inhibitor 
reacts  with  the  substrate. 


accurately  the  degree  of  inhibition  at  two  inhibitor  concentrations  (as 
different  as  is  practically  possible),  the  value  of  K^  may  be  found  from: 


J^i 


*2(I<)l     -    h(I<)2 


i.i.  [1/(1 


1/(1  -^■,)]  [1  +(S)/if,] 


(5-37) 


A  potent  inhibitor  may  either  form  a  simple  complex  with  the  enzyme 
or  give  rise  to  an  EI  complex  by  a  chemical  reaction  associated  with  the 
splitting  off  of  a  part  of  the  inhibitor  molecule.  Krupka  and  Laidler  (1959) 
treated  these  situations  kinetically  and  showed  how  they  might  be  distin- 
guished. The  equations  may  be  written  as  follows: 
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E  +  I  -^  EI  +  X: 
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K,[l  +(S)/AM 


(I.)(l  -i) 


+  i 


(5-39) 


These  equations  are  modified  from  those  of  Kriipka  and  Laidler  merely  by- 
substituting  i  for  1  —  vjv.  Equation  5-38  is  seen  to  be  the  same  as  3-50 
for  zone  Afi^  inhibition.  In  the  first  case,  (/,)  —  i{Ei)  is  plotted  against 
il{\  —  i),  and  in  the  second  case,  i  is  plotted  against  the  expression  in  the 
square  brackets.  In  both  cases,  Kj  may  be  readily  evaluated.  They  applied 
these  kinetics  to  the  inhibition  of  a-chymotrypsin  by  diisopropylfluoro- 
phosphate  (DFP),  and  found  that  at  low  inhibitor  concentrations  the  first 


""          _L 

V. 

1 

1  f  (f^t^  ] 

^  f  ''i'  ] 

D 

V. 

1 
(S)  J 

Jil,) 

Vmb^^-^v-!/^ 

VniVv-fV) 

-w 

- 

Xs. 

(1^) 

B 

CS) 

V4CE^)-(I^)) 

1  r  ^^t^  ] 

E 

i 

v^i(E^)-(yj^  ^ 

/i- 

(S) 

^(I,) 

c 

V. 

I 
VI- 

\                       / 

N^                     \       / 

-Ox     f\ 

F 

(i^)(l-i) 

I 

\  (E^HI^) 

Ysi 

(S) 

Fig.  5-24.  Mutual  depletion  system  in  zone  C,-. 
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mechanism  was  involved  with  Kj^  =  2.04  X  10~^  M.  This  is  surprising  since 
a  simple  EI  complex  is  not  formed  in  this  case,  so  that  the  general  validity 
of  this  approach  is  still  in  doubt.  The  plot  is  shown  in  Fig.  5-25. 

T 


Fig.    5-25.    Krupka-Laidler    plot    for    the    inhibition    of 

chymotrypsin    by  DFP  at   pH  8.1.  (From   Krupka  and 

Laidler,  1959.) 


SUGGESTIONS   FOR   PLOTTING    AND   DETERMINATION    OF 

CONSTANTS 

It  will  perhaps  be  useful  to  conclude  this  chapter  with  some  general 
suggestions  concerning  the  types  of  experimental  data  desirable,  the  ap- 
proach to  different  methods  of  plotting,  and  the  interpretation  of  the  re- 
sults. It  is  evident  without  discussion  that  the  reliability  of  mechanistic 
interpretations  and  the  accuracy  of  the  calculated  constants  depend  di- 
rectly on  the  accuracy  of  the  experimental  data.  In  much  quantitative 
scientific  investigation  it  is  required  that  multiple  runs  be  performed  so 
that  mean  values  and  their  significance  can  be  determined.  However,  in 
enzyme  work  it  has  been  the  rule  that  plots  are  made  and  constants  cal- 
culated from  a  single  experimental  series.  Most  of  the  methods  used  for 
enzyme  rate  determination  involve  appreciable  errors  and  greater  accu- 
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racy  could  certainly  be  achieved  by  using  mean  values  from  several  exper- 
iments. 

The  following  suggestions  are  meant  to  be  only  a  guide  to  the  quanti- 
tative study  of  enzyme  inhibition  and  are  of  a  quite  general  nature.  It  is 
likely  that  many  investigators  in  the  past  have  not  fully  realized  the  com- 
plexity of  most  enzyme  systems  and  for  this  reason  their  interpretations 
and  constants  are  suspect.  It  is  better  to  anticipate  a  degree  of  complexity 
and  then  experimentally  reduce  the  system  to  its  simplest  terms  than  to 
assume  simplicity  at  the  beginning. 

(A)  Experimental   Procedure 

(1)  Attempt  to  measure  initial  reaction  rates  or  determine  them  by 
extrapolation  in  order  to  avoid  effects  of  reduction  in  substrate  concen- 
tration, rise  in  product  concentration,  or  spontaneous  loss  of  activity  of 
the  enzyme. 

(2)  Use  the  proper  controls  so  that  the  rates  measured  can  be  attributed 
specifically  to  the  enzyme  studied.  The  occurrence  of  a  nonenzymic  reac- 
tion should  be  investigated  as  well  as  the  possibility  of  a  nonsubstrate 
(endogenous)  reaction. 

(3)  Vary  the  concentrations  of  all  the  known  components  of  the  enzyme 
system,  including  (H+),  independently.  If  a  system  contains  a  coenzyme 
or  activator,  its  effect  upon  the  rate  in  the  presence  and  absence  of  the  in- 
hibitor may  be  just  as  important  as  the  effect  of  substrate. 

(4)  Utilize  as  wide  a  range  of  concentrations  as  possible  so  that  accuracy 
in  plotting  may  be  increased  and  deviations  from  linearity  may  be  more 
readily  detected.  Care  must  be  taken  in  using  high  concentrations  because 
the  rate  may  be  reduced  by  secondary  or  nonspecific  mechanisms,  such 
as  ionic  strength  effects.  For  example,  it  is  probable  that  all  experimental 
curves  on  a  plot  of  1/u  against  1/(S)  will  turn  up  sharply  as  the  1/u  axis 
is  approached  due  to  these  mechanisms. 

(5)  Give  consideration  to  the  time  factors  in  the  inhibition,  i.e.,  the 
rates  at  which  inhibition  is  achieved  or  disappears.  A  system  that  is  truly 
competitive  may  be  interpreted  as  noncompetitive  if  the  displacement  of 
the  inhibitor  from  the  enzyme  by  substrate  is  low,  i.e.,  if  equilibrium  is 
not  reached.  The  equations  that  have  been  presented  in  previous  chapters 
are  derived  on  the  basis  of  equilibrium  states. 

(B)  Plotting  Procedure 

(1)  Plot  the  data  in  several  different  ways,  e.g.,  by  the  six  different 
methods  discussed  above  or  other  methods  applicable  to  special  situations. 
This  is  important  for  two  reasons.  In  the  first  place,  errors  in  interpreta- 
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tion  may  be  avoided;  there  is  no  single  method  of  plotting  which  can  dis- 
tinguish between  all  the  various  possible  mechanisms  of  inhibition.  Sec- 
ondly, the  constants  obtained  by  the  different  methods  may  be  compared 
and  more  accurate  values  reached.  The  best  types  of  plots  will  vary  with 
the  system  studied  so  that  no  general  statement  can  be  made  as  to  the 
relative  values  of  the  various  techniques.  Deviations  from  linearity  may 
be  more  obvious  in  certain  types  of  plots;  e.g.,  type  C  plotting  provides 
somewhat  more  accurate  interpretation  at  low  substrate  concentrations 
and  nonlinear  behavior  in  this  range  is  more  readily  detected,  while  type  F 
plotting  often  gives  a  more  direct  determination  of  the  constants.  Never- 
theless, it  is  advisable  always  to  utilize  different  methods  as  is  evident 
from  inspection  of  the  sample  plots  presented  in  this  chapter. 

(2)  Plot  the  data  with  respect  to  the  concentrations  of  all  the  known 
components  of  the  system.  For  example,  in  type  A  plotting  it  is  necessary 
to  construct  graphs  of  l|v^  against  1/(A)  and  similarly  for  coenzymes  or 
hydrogen  ions.  The  results  may  indicate  noncompetitive  inhibition  from 
a  plot  of  l/Vj  against  1/(S)  and  yet  the  inhibition  may  be  due  to  competi- 
tion with  another  component.  Type  F  plots  may  be  made  with  the  concen- 
tration of  activator  or  coenzyme  as  the  abscissa  instead  of  substrate  con- 
centration. If  such  plots  are  not  made,  errors  both  in  interpretation  and 
determination  of  constants  are  possible.  The  slopes  and  intercepts  usually 
have  values  dependent  on  the  concentrations  and  dissociation  constants 
of  the  other  components  of  the  reaction. 

(3)  It  is  generally  better  to  plot  as  many  curves  as  feasible  for  each 
type  of  graph.  For  type  A  plotting,  several  curves  for  different  inhibitor 
concentrations,  and  for  type  E  plotting  several  curves  at  different  sub- 
strate concentrations,  will  increase  the  accuracy  and  reliability  of  the 
methods. 

(4)  Do  not  use  logarithmic  coordinates  in  the  methods  of  plotting 
described  above;  this  seems  obvious  but  examples  from  the  literature  can 
be  cited.  Although  the  intercepts  may  be  easily  interpretable,  the  slopes 
are  not;  in  fact,  linearity  would  be  only  fortuitous,  for  when  a  plot  of  A 
against  B  is  linear,  plots  of  A  against  log  B  or  of  log  A  against  log  B  are  not. 

(C)  Interpretation 

(1)  Note  deviations  from  linearity  carefully;  a  straight  line  drawn  through 
points  that  are  obviously  not  linear  may  simplify  the  problem  a  good  deal 
but  provide  meaningless  results.  Any  deviation  can  be  indicative  of  a  dif- 
ferent mechanism  from  the  one  assumed  on  the  basis  of  a  straight  line.  The 
deviations  may  not  relate  directly  to  the  inhibition  but  be  due  to  extra- 
neous factors,  but  this  must  be  proved. 
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(2)  Utilize  all  the  intercepts  and  intersections  available  in  the  plots 
because  accuracy  in  the  determination  of  constants  is  increased  and  the 
calculation  often  made  more  direct.  For  example,  Dixon  (1953  b)  showed 
that  K^  may  be  immediately  calculated  from  the  intersection  of  lines  in 
the  plot  of  \jv^  against  (I)  for  competitive  inhibition,  which  may  be  more 
accurate  than  determinations  from  the  slope  or  (I)  intercept. 

(3)  It  is  obvious  from  what  has  been  said  above  that  consideration  be 
given  to  the  other  components  of  the  enzyme  system  with  respect  to  the 
effects  they  have  on  the  slopes  and  intercepts;  in  other  words  it  is  impor- 
tant to  calculate  the  true  K^  and  not  a  physically  meaningless  constant 
which  at  best  only  characterizes  the  behavior  of  the  inhibition. 

(4)  Consider  all  of  the  possible  mechanisms  which  may  be  implied  by 
the  curves  obtained.  It  is  frequently  easy  to  decide  upon  a  mechanism  as 
a  matter  of  simplicity  or  prejudice  without  realizing  that  the  data  could 
equally  well  indicate  other  mechanisms.  It  is  usually  possible  to  eliminate 
most  of  the  suggested  mechanisms  if  it  is  realized  that  there  are  several 
possibilities. 

(5)  Although  problems  of  inhibition  in  tissues,  cells,  and  subcellular 
fractions  have  not  been  discussed,  it  is  well  to  point  out  that  special  care 
must  be  exercised  in  the  interpretation  of  plots  made  from  data  on  such 
systems.  Particularly  when  the  measurements  involve  responses  to  enzyme 
inhibition  that  are  far  removed  from  the  enzyme,  one  should  put  little  re- 
liance on  the  techniques  of  plotting  devised  for  relatively  simple  systems. 
Permeability  factors  alone  may  distort  the  basic  inhibition  kinetics  beyond 
ready  interpretation. 

The  following  list  of  papers  and  works  on  kinetics  and  the  plotting  of 
enzyme  reactions,  both  uninhibited  and  inhibited,  is  recommended  for 
further  refence:  Lineweaver  and  Burk  (1934),  Hunter  and  Downs  (1945), 
Wilson  (1949,  p.  16),  Dixon  (1953b),  Friedenwald  and  Maengwyn-Davies 
(1954,  pp.  154,  180),  Slater  (1955),  Alberty  (1956b),  Hofstee  (1956),  Dixon 
and  Webb  (1958),  Neilands  and  Stumpf  (1958),  Laidler  (1958),  Hearon 
et  al.  (1959,  p.  49),  and  Reiner  (1959). 


CHAPTER  6 

INTERACTIONS  OF  INHIBITORS 
WITH  ENZYMES 


Inhibition  of  an  enzyme  reaction  is  most  frequentlj^  due  to  the  binding 
of  the  inhibitor  at  certain  regions  on  the  enzyme  protein.  The  present 
chapter  will  be  mainly  concerned  with  the  forces  and  energies  involved  in 
these  interactions  and  the  relationships  between  enzyme  inhibition  and  the 
structural  characteristics  of  inhibitor  and  enzyme.  Reaction  of  the  inhi- 
bitor with  the  enzyme  may  be  chemical  in  nature  (with  the  formation  of 
covalent  bonds)  or  it  may  involve  the  less  specific  types  of  attractive  forces 
that  exist  between  molecules.  Attention  will  be  primarily  directed  to  these 
nonchemical  interactions  of  relatively  lower  energy  and  the  instances  of 
specific  chemical  reaction  will  be  discussed  in  connection  with  the  inhibi- 
tors where  they  occur.  It  is  believed  that  enzymology  in  the  future  will  be 
much  concerned  with  enzyme  surfaces,  particularly  with  the  active  centers, 
and  the  forces  between  these  regions  and  other  molecules  surrounding  the 
enzyme  in  solution.  This  is  a  conceptually  new  micro-world  with  new  di- 
mensions for  our  thinking,  in  which  it  is  necessary  to  visualize  complex 
fields  of  electrical  intensity  in  addition  to  the  blurred  contours  of  the  mol- 
ecules, where  every  atom  or  group  reacts  in  some  manner  with  every  other 
atom  or  group  as  molecules  approach  one  another  and  where  the  most 
stable  position  of  minimum  potential  energy  is  determined  by  the  balance 
of  the  various  attractive  and  repulsive  forces. 

Knowledge  and  theory  at  this  molecular  level  are  not  adequate  at  pres- 
ent to  form  the  basis  for  a  comprehensive  approach  to  an  accurate  eval- 
uation of  intermolecular  forces  between  complex  molecules  in  solution. 
But  enough  has  been  accomplished  so  that  a  tentative  beginning  can  be 
made,  from  which  both  experimental  procedure  and  theory  may  proceed 
simultaneously  to  provide  more  concrete  and  reliable  data  and  concepts 
than  are  now  possible.  The  presentation  in  this  chapter  is  always  approxi- 
mate, usually  crude,  and  often  naive.  It  is  hoped  that  it  will  contain  some 
stimulation  for  a  quantitative  approach  to  intermolecular  interactions  in 
biological  systems  and  assist  in  the  evolution  of  exciting  and  fruitful  coop- 
eration between  the  physical  and  biological  disciplines.  If  this  is  accom- 
plished, the  inadequacies  of  the  present  treatment  may  be  forgiven.  Con- 
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sideration  will  first  be  given  to  the  structures  and  properties  of  active  cen- 
ters; the  various  types  of  intermolecular  interactions  will  then  be  discussed; 
the  application  of  such  interactions  to  biologically  important  substances 
and  groups  will  be  outlined;  finally,  the  role  of  these  interactions  in  enzyme 
inhibition  will  be  presented. 

THE    NATURE    OF   ENZYME   ACTIVE    CENTERS 

Accurate  visualization  of  the  interaction  between  an  inhibitor  molecule 
and  an  enzyme  depends  in  part  upon  a  spatial  concept  of  the  properties  of 
the  surface  of  the  enzyme  and  especially  some  idea  of  the  topography  of 
the  active  centers  where  catalysis  occurs.  The  active  region  should,  how- 
ever, not  be  thought  of  solely  in  terms  of  molecular  configuration;  beyond 
the  electronic  contours  of  the  groups  there  are  complex  and  often  strong 
electrical  fields  emanating  from  the  atoms  and  ions  composing  the  active 
center.  The  interaction  and  orientation  of  an  inhibitor  molecule  with  res- 
pect to  an  enzyme  are  primarily  dependent  on  the  field  pattern. 

Composition  of  the  Active  Center 

The  active  center  comprises  that  region  of  the  enzyme  surface  where  the 
reactants  are  bound,  interact,  and  are  chemically  altered.  It  may  be  made 
up  of  several  specific  sites  where  the  individual  components  of  the  reaction 
are  bound,  e.g.,  substrate  site,  coenzyme  site,  and  activator  site.  An  active 
site  may  be  very  small  and  simple  (perhaps  a  single  group)  or  it  may  ex- 
tend over  a  molecularly  large  region  of  the  enzyme  and  itself  contain  many 
interacting  groups  and  multiple  binding  points.  There  are  basically  three 
types  of  active  site:  (a)  polypeptide  chains  only,  (6)  a  complex  of  a  metal 
ion  with  protein,  and  (c)  a  nonpeptide  prosthetic  group  bound  firmly 
to  the  protein.  Enzymic  catalysis  is  most  intimately  related  to  the  poly- 
peptide composition  of  the  active  center. 

The  active  region  is  usually  only  a  small  fraction  of  the  total  enzyme 
protein  and  it  has  been  stated  that  the  remainder  of  the  protein  is  without 
importance  in  the  catalysis.  Indeed  the  irradiation  of  trypsin  led  Augen- 
stine  (1959)  to  conclude  that  the  active  surface  area  was  2.5%  of  the  total 
area.  Since  the  total  area  is  about  4,050  A^  (on  the  basis  of  a  molecular 
weight  of  20,000),  the  active  center  would  be  approximately  100  A^  in 
area,  which  would  implicate  four  surface  amino  acids.  However,  in  living 
cells  it  is  likely  that  few  enzymes  are  free  in  solution  and  it  is  possible  that 
much  of  the  protein  is  involved  in  the  organization  of  the  enzymes  into 
functionally  efficient  structures;  the  noncatalytic  portion  of  the  enzyme 
could  thus  be  important  in  the  operation  of  more  complex  metabolic  se- 
quences or  cycles.  Furthermore,  those  regions  of  the  enzyme  surrounding 
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or  underlying  the  active  center,  although  not  directly  concerned  in  the 
reaction,  can  influence  the  activity  of  the  center  through  steric  or  elec- 
trostatic effects.  The  total  protein,  nevertheless,  is  apparently  not  neces- 
sary for  activity  because  active  fragments  have  been  obtained  from  several 
proteins  (aldolase,  papain,  ribonuclease,  trypsin,  and  pepsin)  and  the  intact 
structure  of  the  total  protein  is  at  least  sometimes  of  little  significance 
since  cross-linkages  between  polypeptide  chains  have  been  broken  without 
loss  of  activity  (e.g.,  pepsin  S-S  bridges),  The  behavior  of  ribonuclease  is 
particularly  interesting  inasmuch  as  pepsin  inactivates  it  rapidly  by  re- 
moval of  a  tetrapeptide  asp-ala-ser-val  whereas  carboxypeptidase  removes 
the  tripeptide  ala-ser-val  without  inactivation,  from  which  it  is  apparent 
that  the  aspartate  residue  is  involved  in  the  active  site  which  is  near  the 
C-terminal  end  of  the  polypeptide  chain  (Anfinsen,  1956).  The  most  ex- 
tensive degradation  of  an  enzyme  without  loss  of  activity  is  the  removal  of 
two-thirds  of  the  180  amino  acid  residues  from  papain  by  leucine  amino- 
peptidase  (Hill  and  Smith,  1956). 

Most  enzymes  investigated  by  end-group  analysis  contain  only  one  poly- 
peptide chain  although  some  undoubtedly  possess  more.  The  configuration 
of  the  chain  in  enzymes,  particularly  at  the  active  center,  is  generally 
unknown.  Parts  of  the  polypeptide  chain  are  probably  hydrogen-bonded 
into  helices,  but  not  all  because  both  X-ray  and  optical  dispersion  data  in 
the  few  cases  studied  have  indicated  that  only  a  fraction  of  the  protein  is 
helical;  in  ribonuclease  only  15%  of  the  protein  is  helical  (Yang  and  Doty, 
1957).  The  nonhelical  portions  are  not  randomly  oriented  but  are  undoubt- 
edly in  specific  configurations  determined  to  a  great  extent  by  the  looping 
of  the  polypeptide  chains  through  cross-linkages,  such  as  the  disulfide 
R-S-S-R'  (ribonuclease  has  four),  phosphate  R-O-P-OR'  (pepsin  has  one), 
or  pyrophosphate  R-0-P-O-P-O-R'.  Hydrogen  bonding  can  also  occur  in 
nonhelical  structures  and  the  nonpolar  cohesive  forces  between  hydro- 
carbon side-chains  are  often  stronger  than  generally  realized. 

The  presence  of  certain  amino  acids  at  an  active  site  can  be  demonstrated 
or  inferred  by  a  variety  of  techniques:  the  reaction  of  amino  acid  side-chains 
with  group-specific  reagents,  a  reduction  or  loss  of  activity  indicating  that 
the  particular  group  is  associated  with  the  active  site,  but  not  necessarily 
proving  it;  the  isolation  of  amino  acid  or  peptide  fragments  containing  a 
stable  inhibitor;  the  subjection  of  the  enzyme  to  proteolysis;  and  the  de- 
termination of  the  ionization  constants  of  active  site  groups  from  the  va- 
riation of  enzymic  activity  with  pH.  Sulfhydryl  groups  are  recognized  as 
present  in  many  active  sites  because  of  the  marked  inhibition  by  sub- 
stances reacting  quite  specifically  with  such  groups.  The  use  of  fluorophos- 
phonates,  such  as  DFP,  has  led  to  the  isolation  of  phosphoserine  peptides 
from  trypsin  and  chymotrypsin;  the  amino  acid  sequence  for  short  distances 
on  either  side  of  serine  can  be  determined,  although  the  relationship  of 
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these  amino  acids  to  the  active  site  is  obscure.  It  is  possible  that  histidine 
is  involved  in  the  reaction  of  DFP  with  serine  and  hence  occurs  at  the  ac- 
tive site  but  in  another  portion  of  the  polypeptide  chain.  The  group  p.K'^'s 
of  the  active  sites  of  a  variety  of  enzymes  have  allowed  tentative  identifi- 
cation of  histidine  as  a  component.  It  is  probable  that  histidine  is  an 
important  constituent  of  many  enzyme  active  sites  since  it  may  function 
efficiently  in  acid-base  catalysis,  due  to  its  piiig  being  near  neutrality.  In- 
direct evidence  for  the  participation  of  histidine  in  enzyme  catalysis  comes 
from  studies  on  the  photo-oxidation  with  visible  light  in  the  presence  of 
methylene  blue  of  the  imidazole  ring  in  enzymes,  this  treatment  selectively 
destroying  the  histidine  residues  and  producing  a  progressive  fall  in  activity 
(Weil  and  Buchert,  1952;  Neely,  1959).  The  ability  of  the  imidazole  ring 
to  accelerate  the  nonenzymic  hydrolysis  of  phenyl  acetates  (Bender  and 
Turnquest,  1957;  Bruice  and  Schmir,  1957)  and  to  complex  with  the  pyr- 
idine nucleotides  (Eys,  1958)  may  be  indicative  of  the  role  histidine  plays 
in  certain  enzyme  reactions.  An  excellent  summary  of  determinations  of 
the  groups  and  amino  acids  in  enzyme  active  centers  is  in  the  book  by 
Dixon  and  Webb  (1958,  p.  492). 

It  is  possible  that  some  groups  participating  in  catalysis  are  present  at 
the  active  center  in  especially  reactive  states.  The  SH  group  at  the  sub- 
strate site  of  papain  appears  to  be  not  an  ordinary  SH  group  but  one 
that  is  thermodynamically  at  a  higher  energy  level  and  kinetically  more 
reactive  (Smith,  1958).  It  was  postulated  that  this  SH  group  forms  a 
"  high-energy  "  bond  with  an  adjacent  carboxyl  group,  this  being  made 
possible  by  the  folded  configuration  of  the  native  protein,  and  that  these 
two  groups  function  as  follows  in  the  hydrolysis  of  peptide  bonds: 

enzyme  enzyme 

V.  J  enzyme  ^  -J 

S— C  Q  -)  S— C 

ji  +  H,o  S  OOC  |Jj 

>-  I  > 

+  R— C       ^   +  + 

+  ^^*  R— COO- 


R— C— NH 
0 
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The  behavior  of  groups  in  special  states  with  respect  to  pH  or  to  reaction 
with  group-specific  reagents  may  deviate  from  the. predicted  on  the  basis 
of  the  same  groups  on  amino  acids. 

Another  interesting  approach,  applicable  to  enzymes  that  occur  in  an 
inactive  or  zymogen  form,  should  be  mentioned  at  this  point.  The  formation 
of  active  trypsin  from  trypsinogen  involves  the  splitting  off  of  a  hexapep- 
tide  val-(asp)4-lys  to  leave  a  terminal  isoleucine  group;  thus  the  breaking 
of  a  single  peptide  bond  can  result  in  the  appearance  of  the  active  site. 
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The  chymotrypsinogen  ->  chymotrypsin  transformation  is  similar  in  that 
initially  a  single  peptide  is  removed;  in  this  case  there  is  evidence  that 
there  is  a  rather  radical  alteration  in  the  polypeptide  configuation  as  a 
result  of  this  splitting,  more  of  the  chain  assuming  a  helical  configuration. 
The  bonds  split  or  the  peptides  removed  may  be  considered  as  impeding 
the  development  of  the  configuration  necessary  for  the  active  site  (Neurath, 
1957).  One  can  also  anticipate  results  pertinent  to  the  composition  of 
active  sites  in  the  modifications  of  enzyme  synthesis  that  will  soon  be 
possible. 

Finally,  one  must  consider  that  the  active  site  includes  the  water  mol- 
ecules that  are  associated  with  the  protein  groups  and  the  atmosphere  of 
ions  that  surrounds  the  charged  groups  on  the  site.  During  reaction  of  a 
substrate  or  inhibitor  with  the  active  site,  water  and  ions  must  often  be 
displaced  and  thus  contribute  to  the  final  energy  of  interaction  and  the 
kinetics.  If  they  are  not  displaced  they  will  modify  the  configuration  of 
the  active  site  and  the  electrical  fields  emanating  from  the  protein  groups. 

Topography  of  Active  Centers 

Most  active  sites  are  regions  in  which  the  sequence  and  characteristic 
configurations  of  the  polypeptide  chain  form  a  pattern  of  amino  acid  res- 
idues that  allows  a  participant  in  the  enzyme  reaction  to  be  bound  and 
undergo  electronic  distortion.  These  sites  may  be  more  or  less  closely  as- 
sociated with  water,  specific  metal  ions,  or  nonspecific  ions  of  the  envi- 
ronment. The  configuration  of  the  site,  both  spatially  and  electrically, 
provides  the  close  fit  between  substrate  and  enzyme  that  is  usually  neces- 
sary for  activation  and  confers  the  high  degree  of  specificity  that  is  exhibited 
by  most  enzymes.  It  is  not  necessary  that  the  site  be  complementary  to 
the  entire  substrate  molecule;  certain  groups  or  regions  only  may  interact 
with  the  enzyme,  as  is  evident  from  specificity  and  inhibitor  data,  and  it 
is  the  corresponding  pattern  of  groups  on  the  active  site  that  is  pertinent. 
It  has  been  postulated  by  Pauling  (1948)  that  the  active  site  may  not  be 
complementary  to  the  normal  state  of  the  substrate  but  to  the  substrate 
in  the  activated  complex,  thereby  reducing  the  activation  energy  and 
accelerating  the  reaction.  This  concept  is  of  particular  interest  in  connec- 
tion with  the  interactions  of  molecules  structurally  related  to  the  substrate. 
Furthermore,  variations  in  activity  towards  various  substrates  should 
not  be  interpreted  solely  in  terms  of  binding  but  also  with  respect  to 
the  ability  to  form  the  appropriate  activated  complex;  in  other  words, 
there  may  be  differences  in  both  the  concentration  of  ES  and  in  the  rate 
constant  k^. 

There  is  evidence  that  most  substrates  must  be  bound  to  the  active  site 
at  two  or  more  points  for  reaction  to  occur  (Levine,  1954  a,  b)  and  that 
frequently  there  are  two  or  more  groups  involved  in  the  displacements 
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occurring  during  the  reaction  (Laidler,  1955  a).  Thus  enzymic  hydrolysis 
can  occur  following  the  multipoint  binding  of  the  substrate  by  a  "  push- 
pull  "  acid-base  catalysis  exerted  by  two  groups,  one  acidic  and  one  basic. 
That  there  are  binding  groups  determining  the  orientation  and  specificity 
and  also  groups  activating  a  labile  bond  has  been  postulated  for  cliymo- 
trypsin  on  the  basis  of  the  entropy  differences  observed  between  optical 
isomers  of  the  substrates  (Vaslow  and  Doherty,  1953).  This  concept  is 
inherent  in  the  mechanisms  ascribed  to  several  enzymes,  such  as  succinic 
dehydrogenase,  fumarase,  acetylcholinesterase,  carboxypeptidase,  proli- 
dase, and  others.  In  more  complex  reactions,  two  or  more  of  such  sites 
may  cooperate,  especially  in  transfer  processes;  such  is  evident  in  many 
oxidation-reduction  reactions  but  may  also  occur  in  transfer  associated 
with  phosphatases  and  other  hydrolytic  enzymes,  the  acceptor  being  either 
water  for  hydrolysis  or  some  other  molecule  for  transfer,  either  acceptor 
being  bound  to  a  specific  site  adjacent  to  the  donor  site  (Morton,  1955). 
A  metal  ion,  complexed  to  the  protein,  may  serve  as  a  site  for  either  binding 
or  reaction  or  both  but  full  catalytic  effectiveness  is  only  achieved  in  con- 
junction with  other  sites.  The  transphosphorylation  ATP  +  P^^  ->  ADP 
_l_  pp32  ig  catalyzed  by  various  metal  ions  (Mn"^"^,  Ca"^"^,  Cd"^"*")  in  the  ab- 
sence of  any  enzyme,  but  the  concentration  of  substrates  must  be  about 
fifty-fold  greater  than  for  the  enzymic  reaction,  indicating  that  the  addi- 
tional groups  on  the  enzyme  increase  the  efficiency  of  the  reaction  by  orien- 
tation in  the  proper  position  (Lowenstein,  1958).  Spatial  coordination 
of  groups  within  active  sites,  and  of  sites  within  an  active  center,  is  of- 
ten necessary  for  the  catalysis;  as  a  consequence,  disturbances  in  this  struc- 
tural pattern  can  inhibit  such  enzymes. 

Despite  the  fact  that  most  enzymes  are  globular  or  ellipsoidal,  the  sur- 
face should  not  be  considered  as  even  approximately  smooth  but,  in  the 
most  interesting  regions,  perhaps  more  like  a  holly  bush.  At  least  the  various 
protrusions,  indentations,  and  crevices  that  undoubtedly  occur  are  occa- 
sionally important  in  the  configuration  of  the  active  site  according  to  sev- 
eral recent  speculations  on  the  ES  complex  as  in  Figs.  6-1  and  6-2.  The 
advantage  to  the  "  action  in  a  hole  "  concept  is  that  more  groups  can  be 
brought  to  bear  on  the  reactants  and  attack  can  be  made  from  opposite 
sides.  It  must  be  admitted  that  there  is  essentially  no  direct  evidence  for 
such  sites  but  in  peroxidase  and  catalase  the  presence  of  the  heme  in  a 
protein  crevice  is  made  likely  by  inhibition  and  ionization  studies  (George 
and  Lyster,  1957).  Such  crevices  may  exist  between  helices.  An  active  site 
may  be  situated  in  a  helix  but  it  is  more  likely  that  it  comprises  portions 
of  the  polypeptide  chain  in  more  extended  configurations,  or  combinations 
of  the  two  structures;  in  any  event  it  is  evident  that  tertiary  protein  struc- 
ture is  of  significance  in  enzymes  and  that  alterations  of  this  structure 
even  at  some  distance  from  the  active  site,  can  modify  the  catalysis. 
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Flexibility  of  Protein   Structure 

It  is  certain  that  proteins  are  not  rigid  structures  despite  their  specific 
configurations;  what  one  calls  the  specific  configuration  may  be  the  end 
result  of  the  adaptation  of  the  protein  to  the  interacting  molecule.  The 
polypeptide  chain  and  the  amino  acid  side  chains  may  assume  those  con- 
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Fig.  6-1.  Schematic  representations  of  some 
possible  types  of  active  centers.  The  A  groups 
are  responsible  for  the  catalytic  reaction  while 
the  B  groups  serve  to  bind  the  substrate  to  the 
enzyme.  B  may  be  a  single  chemical  group  or 
may  extend  over  a  region  of  the  surface.  In 
each  case  a  reaction  at  the  X-Y  bond  takes  place. 


figurations  along  or  around  the  substrate  or  inhibitor  that  provide  the 
maximal  interaction  energy.  In  other  cases  the  specificity  towards  molecules 
with  respect  to  distances  between  binding  groups  indicates  a  fairly  rigid 
structure  of  that  portion  of  the  enzyme.  If  a  substance  fits  into  a  cavity 
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PROLIDASE 


CYTOCHROME  C  REDUCTASE 


ACETYLCHOLINESTERASE 


ANIONIC  ESTERATIC 

SITE  SITE 


ACETYLCHOLINESTERASE 


Fig.  6-2.  Examples  of  some  active  centers  and  reaction  mechanisms  postulated 

for  different  types  of  enzymes.  In  all  of  these  cases  it  may  be  observed  that  two 

more  or  enzyme  groups  are  involved  in  the  catalysis. 

Prolidase:  The  manganese  ion  chelates  with  the  substrate  which  is  also  held  by  four 
binding  groups:  Rj  donates  a  proton  during  the  transition  period;  Rj  interacts  through 
van  der  Waals'  forces  with  the  — CHj — CH, —  part  of  the  ring;  R3  interacts  electro- 
statically with  the  carboxylate  group;  and  R4  catalyzes  the  hydrolysis  and  accepts  a 
proton.   (Rabin,    1958,   p.   21.) 

Cytochrome  c  reductase:  This  illustrates  interaction  between  two  components  of  the 
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Fig.  6-2.  (continued) 


electron-transport  system.  The  FAD  is  bound  to  the  protein  electrostatically  through 
the  phosphate  groups  at  Rj  and  to  electrophilic  groups  through  the  ring  at  Rj  and 
R3,  while  interaction  with  a  non  heme  iron  occurs  by  which  the  electrons  are  transferred 
to  cytochrome  c,  the  iron  ion  being  bound  to  the  protein  at  R4  and  Rj.  (Mahler  and 
Elowe,    1954.) 

Acetylcholinesterase:   The  substrate  is   bound  electrostatically  to  the   anionic  site 
(probably  a  carboxylate  group)  and  the  ester  link  is  subjected  to  the  esteratic  site 
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or  crevice  of  the  protein,  the  over-all  binding  energy  will  depend  on  the 
fit  and  the  possible  modification  in  the  size  of  the  invagination.  If  a  cavity 
has  to  expand  slightly  to  achieve  maximal  mutual  contact  with  the  reactant, 
the  energy  involved  in  this  dilatation  must  be  considered.  Indeed  Pauling 
and  Pressman  (1945)  have  calculated  the  amount  of  dilatation  necessary 
to  accommodate  various  hapten  groups  in  their  interaction  with  antibodies. 
Even  the  helix  structure  is  not  completely  stable  since  it  depends  on  hy- 
drogen bonding  and  the  electrostatic  forces  between  the  polypeptide  chains. 
Although  the  energy  required  to  break  such  a  hydrogen  bond  may  be  8 
kcal/mole,  in  water  where  hydrogen  bonds  are  formed  between  the  water 
molecules  and  the  polypeptide  chain  when  the  helix  is  disrupted,  the  over- 
all energy  required  may  be  only  1.5  kcal/mole  (Edsall  and  Wyman,  1958, 


{continued  legend  for  Figure  6-2.) 

and  the  basic  group:  GH.  Van  der  Waals'  interactions  probably  also  occur  with  the 
methyl  groups  of  the  choline  portion.  (Wilson,  1954.) 

Acetylcholinesterase:  This  represents  another  concept  of  the  active  site  wherein  the 
cationic  head  is  held  electrostatically  by  the  surrounding  carboxylate  groups  and  the 
ester  link  is  subjected  to  tyrosine  and  histidine  residues,  the  presence  of  a  serine  res- 
idue at  the  active  site  being  indicated  by  — CHjOH.  Again,  van  der  Waals'  forces 
are  probably  involved  in  the  binding.  (Bergmann,  1958.) 

Papain:  The  substrate  is  held  mainly  by  electrostatic  attraction  and  the  susceptible 
bond  is  placed  spatially  to  the  SH  group  so  that  an  acyl  intermediate  is  formed.  (Kim- 
mel  and  Smith,   1957.) 

Sarcosine  oxidase:  Three  binding  sites  occur:  (1)  the  interaction  of  the  methyl  group 
with  a  hydrocarbon  residue;  (2)  the  interaction  of  the  nitrogen  atom  with  an  electro- 
philic  group  R;  and  (3)  the  electrostatic  interaction  of  the  carboxylate  with  a  posi- 
tively charged  protein  group.  The  sarcosine  is  thus  held  in  a  compact  configuration. 
(Frisell  and  Mackenzie,   1955.) 

Carhoxypeptidase:  The  substrate  is  initially  bound  to  the  zinc  ion  as  a  chelate  with 
three  subsidiary  binding  groups,  B^  interacting  with  the  R,  and  the  acyl  groups,  Bj 
interacting  with  the  Rj  group,  and  B3  which  interacts  with  Rj  later  in  the  reaction  when 
the  carboxylate  group  has  shifted.  (Lumry  and  Smith,  1955.) 

Fumarase:  The  substrate  is  anchored  mainly  by  one  carboxylate  group  and  the 
molecule  is  exposed  to  the  influence  of  two  acidic  groups  that  can  donate  and  accept 
H+,  this  being  a  type  of  acid-base  catalysis.  (Alberty,  1957.) 

In  all  cases  the  original  representations  of  the  active  sites  were  intended  to  be  only 
indicative  of  the  reaction  mechanism  and  the  known  groups  involved,  and  were  not 
meant  to  be  accurate  pictures  of  the  true  sites.  Holes  or  crevices  in  the  enzyme  are  not 
necessary  in  all  cases.  In  some  cases  the  sites  have  been  redrawn  to  conform  to  a 
uniform  presentation. 
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p.  123).  Alteration  of  the  ionic  strength,  pH,  or  dielectric  constant  and  the 
introduction  of  substances  (e.g.  urea)  that  can  form  hydrogen  bonds  with 
the  polypeptide  chain  may  influence  the  helical  structure  or  the  fraction 
of  the  protein  in  this  configuration. 

It  is  interesting  to  admit  the  possibility  that  protein  flexibility  is  involved 
in  interactions  with  some  molecules  and  that  a  rigid  configuration  is  by 
no  means  necessary.  The  ability  of  serum  albumin  to  bind  many  types 
of  substance  has  been  attributed  to  a  high  degree  of  flexibility  of  the  pro- 
tein structure  (Klotz  and  Urquhart,  1949a).  When  an  inhibitor  approaches 
an  enzyme  surface  it  is  possible  that  occasionally  there  is  a  mutual  orien- 
tation produced  by  the  interaction  forces  so  that  the  final  state  will  be 
maximaUy  stable. 

Relationships  of  Active  Site  Structure  to  Inhibition 

The  importance  of  some  of  the  concepts  discussed  in  this  section  to  en- 
zyme inhibition  may  conveniently  be  summarized. 

(A)  Since  an  active  center  may  contain  several  individual  sites  on  which 
dissociable  acceptors,  activators,  or  coenzymes  are  bound,  it  is  possible  for 
an  inhibitor  to  interfere  in  the  binding  of  any  component  or  to  disturb  the 
coordination  between  the  sites. 

(B)  The  fact  that  an  individual  site  can  be  reasonably  complex  and  com- 
prise numerous  groups  makes  it  possible  for  the  inhibitor  to  block  the  reac- 
tion by  several  mechanisms;  one  might  state  that  the  more  complex  the 
site,  the  greater  will  be  the  opportunity  for  inhibition. 

(C)  In  considering  the  forces  and  energies  of  interaction  between  an  en- 
zyme and  an  inhibitor,  the  presence  of  multiple  groups  makes  it  necessary 
to  take  into  account  a  variety  of  interactions  of  different  types.  Simplifi- 
cation of  the  picture  is  often  mandatory  for  progress  but  the  approxi- 
mate nature  of  the  treatment  should  never  be  forgotten. 

(D)  In  those  situations  where  an  accurate  fit  of  the  substrate  to  the  active 
site  is  necessary  over  an  extended  area,  an  inhibitor  related  structurally 
to  the  substrate  usually  must  conform  fairly  closely  to  this  pattern  and 
deviations  from  the  substrate  structure  will  result  iii  much  reduced  binding. 
However,  where  only  a  portion  of  the  substrate  molecule  need  fit  the  active 
site,  or  the  intermolecular  forces  are  sufficiently  strong  to  obviate  the  ne- 
cessity of  close  fit,  substances  related  to  the  substrate  in  various  ways 
will  be  more  likely  to  be  bound  and  produce  inhibition. 

(E)  Flexibility  of  the  protein  at  the  active  site  will  allow  interaction 
with  a  greater  range  of  inhibitor  molecules  and  the  assignment  of  rigid 
active  site  structures  cannot  be  made  so  readily. 
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(F)  The  fact  that  most  active  sites  comprise  amino  acid  side-chains  with 
acidic  or  basic  groups  makes  it  necessary  to  consider  the  effects  of  pH 
on  the  constants  of  inhibition  and  the  interaction  energy. 

(6r)  Since  the  active  site  may  bind  water  or  ions,  the  effects  of  these  on 
the  topography  and  electrical  fields  of  the  site  may  be  important  in  the 
reaction  with  an  inhibitor.  Also  the  energy  of  displacement  of  these  sub- 
stances must  be  included  in  the  total  interaction  energy. 

(H)  The  possibility  that  some  active  sites  may  be  within  holes  or  crev- 
ices introduces  an  additional  factor  into  the  question  of  the  specificity 
of  inhibition  because  steric  or  electrostatic  repulsion  may  prevent  the  inhi- 
bitor from  entering  such  spaces,  even  though  the  inhibitor  could  react 
readily  with  the  groups  within  the  cavity. 

(/)  The  region  surrounding  the  active  site,  although  not  catalytically  in- 
volved, can  be  of  importance  in  inhibition  inasmuch  as  an  inhibitor  might 
react  outside  the  site  and  yet  produce  steric  or  electrostatic  influence  on 
the  binding  and  reaction  of  the  substrate.  The  inhibitor  does  not  have  to 
react  at  the  active  site  and  groups  that  might  be  indicated  by  this  inhibi- 
tion do  not  have  to  participate  in  the  catalysis. 

(J)  The  fact  that  the  active  site  might  include  sections  of  a  folded  poly- 
peptide chain  or  two  or  three  turns  in  a  helix  or  might  involve  two  adjacent 
helices  makes  it  possible  for  substances  that  can  alter  the  tertiary  protein 
structure,  the  configuration  of  the  polypeptide  chain  in  space,  to  modify 
enzyme  activity.  Reactions  of  inhibitors  with  hydrogen  bonds  or  the  various 
types  of  cross-linkages  may  occur  and  distort  the  active  site,  so  that  again 
inhibition  does  not  necessarily  imply  reaction  at  the  active  site. 

A  variety  of  interaction  forces,  both  attractive  and  repulsive,  are  usually 
involved  in  the  binding  of  an  inhibitor  to  an  enzyme  and  to  evaluate  these 
it  is  necessary  to  know  the  chemical  nature  and  configuration  of  the  enzyme 
surface.  The  knowledge  of  inhibition  mechanisms  and  the  accuracy  in  the 
calculation  of  the  interaction  energies  involved  will  progress  with  the  ad- 
vance in  active  site  delineation.  Indeed,  the  use  of  inhibitors  is  one  of  the 
most  powerful  tools  in  the  elucidation  of  the  nature  of  the  active  site. 

INTERMOLECULAR  FORCES  AND  INTERACTION   ENERGY 

The  forces  binding  inhibitor  molecules  to  enzymes  are  those  recognized 
by  physicists  as  occurring  generally  between  various  types  of  molecules. 
That  is,  all  inhibitor  interactions  can  be  adequately  explained  on  the  basic 
of  a  few  fundamental  well-known  forces  and  there  is  no  necessity  to  pos- 
tulate any  unique  effects  inherent  only  in  protein  or  enzyme  reactions. 
The  only  difference  between  enzyme-inhibitor  interactions  and  interactions 
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of  simple  molecules  in  a  vacuum  is  one  of  degree  only:  the  former  are  gener- 
ally more  complex  because  of  the  multiple  groups  involved,  the  different 
types  of  forces  simultaneously  operative,  and  the  presence  of  the  solvent 
water.  The  various  forces  involved  will  be  discussed  briefly,  following  which 
certain  applications  to  situations  of  importance  in  protein  interactions  will 
be  made.  These  possible  forces  between  enzymes  and  inhibitors  may  be 
classified  in  the  following  manner,  although  it  should  be  emphasized  that 
at  the  ultimate  level  all  forces  are  electrostatic  in  nature. 

I.  Covalent:  bond  formed  by  the  sharing  of  an  electron  pair  between  two   atoms 

II.  Electrostatic:  interaction  between  atoms  or  groups  that  possess  permanent  electric 
charges 

A.  Ion- ion  interaction 

B.  lon-dipole  interaction 

C.  Dipole-dipole  interaction 

D.  Hydrogen  bonds 

III.  Induced:    interaction  resulting  from  the  induction  of  a  dipole  in  a  group  subjected 

to  the  electric  field  of  a  permanently  charged  group 

A.  Ion-induced  dipole  interaction 

B.  Dipole-induced  dipole  interaction 

IV.  Electrokinetic:  interaction  between  neutral    nonpolar  groups  due  to  mutual  in- 

duction of  fluctuating  dipoles    —  also  called  dispersion  or  London 
forces 

V.  Short-range  repulsive:  due    to   the   electrostatic  repulsion   between   electrons   in 

the  overlapping  of  the  electron   clouds   of  two   atoms 

These  forces  differ  from  one  another  principally  in  their  directional  char- 
acter and  the  influence  of  orientation,  their  variation  with  the  distance 
between  the  interacting  groups,  and  the  amount  of  energy  they  involve  at 
the  usual  interaction  distances.  In  some  cases  of  inhibition,  one  type  of 
force  dominates,  but  in  others  the  binding  is  due  to  the  simultaneous  opera- 
tion of  several  forces,  each  of  which  contibutes  to  the  total  interaction 
energy. 

The    Covalent    Bond 

A  normal  covalent  bond  exists  between  atoms  when  two  electrons  of 
opposite  spin  moment  are  shared  between  them.  The  bond  energy  may  be 
attributed  to  the  resonance  of  the  electrons  between  the  atoms.  The  elec- 
tron density  in  a  covalent  bond  is  thus  greatest  in  the  region  between  the 
atoms.  Such  bonds  have  three  important  characteristics:  (a)  they  are  direct- 
ed so  that  when  two  or  more  bonds  are  associated  with  an  atom  they 
tend  to  assume  a  fixed  angle  to  one  another,  (6)  they,  of  all  types  of  inter- 
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actions,  lead  to  the  shortest  distances  between  atoms,  usually  1-2  A,  and 
(c)  they  involve  high  binding  energies  of  the  order  of  50-100  kcal/mole. 
Covalent  bonds  are,  however,  not  necessarily  electrically  symmetrical  and 
when  they  join  two  unlike  atoms  it  is  probable  that  the  bond  will  possess 
some  ionic  character,  i.e.,  the  electrons  will  be  attracted  more  to  one  of 
the  atoms  (the  relative  ability  of  atoms  to  attract  electrons  is  termed  their 
electronegativity),  resulting  in  a  fractional  negative  charge  on  the  more 
electronegative  atom  and  an  equal  positive  charge  on  the  other  atom. 
This  gives  such  a  bond  a  dipolar  character  which  is  of  great  importance  in 
intermolecular  interactions.  Although  in  many  instances  covalent  bonds 
are  formed  between  enzymes  and  inhibitors  (generally  called  a  chemical 
reaction  of  the  inhibitor  with  the  enzyme),  these  situations  present  no  spe- 
cial problems  here  and  will  be  discussed  in  connection  with  the  inhibitors 
reacting  in  this  manner.  The  following  examples  may  be  mentioned:  the 
formation  of  mercaptide  bonds  between  mercurials  or  arsenicals  and  the 
sulfhydryl  groups  of  the  enzyme,  the  alkylation  of  sulfhydryl  groups  by 
iodoacetate,  the  acetylation  of  amino  or  hydroxyl  groups  on  the  enzyme, 
the  reaction  of  amino  groups  with  fluorodinitrobenzene,  and  the  phosphor- 
ylation of  serine  by  the  organophosphorus  compounds. 

lon-lon-lnteractions 

A  point  charge  in  a  homogeneous  medium  possesses  an  electrical  field  of 
radial  symmetry,  the  intensity  of  which  decreases  with  distance  from  the 
charge  according  to  the  expression: 

a  ze 

Electrical  field  strength   =  F  =  -^  =  — -  (6-1) 

where  q  is  the  magnitude  of  the  charge,  d  is  the  distance  from  the  charge  to 
the  point  in  question,  z  is  the  valence  of  the  ion,  and  e  is  the  electronic 
charge.  The  dielectric  constant  D  depends  on  the  medium  in  which  the  charge 
is  immersed  and  particularly  on  the  polar  nature  of  the  molecules  making 
up  this  medium:  for  a  vacuum  D  =  \  and  for  water  at  37.5°  Z)  =  74.1. 
The  important  question  of  the  dielectric  constant  will  be  discussed  in  some 
detail  following  the  presentation  of  the  interaction  types  and  for  the  pres- 
ent the  interactions  are  assumed  to  take  place  in  a  vacuum.  Ions  of  finite 
dimensions  are  considered  here  to  have  their  total  charge  concentrated  at 
a  central  point.  When  the  charge  is  in  electrostatic  units  (esu)  and  the  dis- 
tance in  centimeters,  the  field  strength  is  given  in  dynes/esu.  At  a  distance 
of  5  A  from  an  electron  in  a  vacuum  the  field  strength  would  be  —  4.8  X  10"^" 
esu/(5xl0-^  cm)2  =  —  1.92x10^  dynes/esu,  the  field  strength  being  of 
the  same  sign  as  the  charge  from  which  it  originates.  Since  1  dyne/esu  — 
300  volts/cm,  the  field  strength  can  also  be  written  as  —  1.92  X  10^x300= 
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—  5.76  X  10'  volts/cm.  This  illustrates  the  very  intense  fields  that  occur  in 
the  vicinity  of  ions,  and  the  effects  such  ions  have  on  neighboring  molecules 
must  be  considered  in  terms  of  these  strong  fields. 

The  electrical  field  strength  is  the  force  that  is  exerted  on  a  unit  charge 
at  the  point  under  consideration.  Hence  the  force  exerted  on  an  electron 
by  another  electron  at  a  distance  of  5  A  would  be  —  1.92  X  10^  dynes/esu 
X  —  4.8 X  10-1"  gg^^  =  92 X  10"^  dynes  since: 

F„.ce^/^,^^Ml^igl  ,6-2, 

The  electrical  potential  in  the  neighborhood  of  a  point  charge  is  the  work 
required  to  bring  a  unit  charge  from  infinity  to  the  point  at  which  the 
potential  is  evaluated  and  is  given  by: 

a  ze 

Electrical  potential   =   V  =  -i—  =  — —-  (6-3) 

dD         dD 

The  electrical  potential  5  A  from  an  electron  would  thus  be  —  4.8  X  IQ-^^esu/ 
5  X  10-8  cm  =  -  9.6  X  10-^  ergs/esu  =  -  2.88  volts. 

Finally,  the  most  important  quantity  for  our  purposes,  the  mutual  poten- 
tial energy  of  two  separated  charges,  is  the  work  required  to  bring  the  char- 
ges from  infinite  separation  to  the  distance  under  consideration.  This  energy 
can  be  evaluated  by  integration  of  the  force  between  the  charges  from  in- 
finity to  the  separation  distance  d: 

d 
Potential  energy  =  (f  =  -    \  fdx  =    —  =  (6-4) 

It  is  also  the  product  of  the  electrical  potential  at  the  distance  d  from  the 
first  charge  (F^)  by  the  magnitude  of  the  second  charge  [q.^),  since  Fj 
is  the  work  involved  in  taking  unit  charge  over  the  same  path.  The  poten- 
tial energy  of  two  electrons  at  5  A  distance  would  then  be  —  9.6  X  10"^ 
ergs/esu  X  -  4.8  X  lO-^"  esu  =  4.6  X  lO-^'^  ergs  =  1.1  X  IO-22  kcal.  The  po- 
tential energy  is  positive  if  the  charges  are  of  the  same  sign  (repulsion) 
and  negative  if  the  charges  are  of  opposite  sign  (attraction).  A  univalent 
cation  separated  by  5  A  from  a  univalent  anion  would  possess  —  1.1  X  10-^^ 
kcal  potential  energy.  In  such  cases  it  is  most  convenient  to  express  the 
energy  in  molar  terms.  Thus  a  mole  of  such  ion-pairs  would  have  a  poten- 
tial energy  of  —  1.1  xlO--^  kcal/ion  pair   X  6.024x10^3  ion  pairs/mole  = 

—  66.3  kcal/mole.  In  fact.  Ec£.  6-4  may  be  rewritten  in  the  convenient  form: 

cp  =  332   — —  kcal/mole  (6-5) 
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when  d  is  in  A.  This  electrostatic  interaction  between  ions  is  the  most 
important,  but  not  the  only,  contribution  to  the  total  energy;  this  will  be 
apparent  in  the  following  sections.  The  interaction  between  ions  in  solu- 
tion depends  on  the  dielectric  constant  in  the  region  of  the  ions,  the  hydra- 
tion of  the  ions,  and  the  ionic  atmosphere,  and  will  be  much  less  than  cal- 
culated above  (see  page  249). 

lon-Dipole  Interactions 

An  electrical  dipole  results  when  two  equal  charges,  q^,  of  opposite  sign 
are  held  at  a  distance,  I,  apart  and  the  magnitude  of  this  dipole  is  given  by: 

Dipole   moment  =  /<  =  qj,  (6-6) 

The  electrostatic  interaction  between  a  dipole  and  an  ion  is  the  sum  of  the 
interactions  of  the  ion  with  each  of  the  charges  on  the  dipole.  From  Fig.  6-3 
it  is  seen  that  the  potential  energy  is  given  by: 


QdQ 
D 


1  1 

di         di 


(6-7) 


When  the  dipolar  distance,  /,  is  less  than  the  distance,  d,  between  the  ion 
and  the  center  of  the  dipole,  as  is  usually  the  case,  this  equation  may  be 
rewritten  in  the  approximate  form: 


q/ii  cos  6 
d'D 


(6-8) 


The  term  in  brackets  approaches  unity  as  the  distance  of  the  ion  from  the 
dipole  increases:  it  is  0.91  when  djl  =  2,  0.96  when  djl  =  3,  and  0.98  when 
djl  =  4.  Thus  the  further  approximation  may  often  be  used  with  minor 
error  since  I  is  often  1-2  A  and  the  interaction  distances  5-10  A: 

?/<  cos  6 
<P  =  ~^^^  (6-9) 

The  dependency  of  the  potential  energy  on  orientation  is  also  shown  in 
Fig.  6.3.  If  the  dipole  were  rapidly  and  uniformly  rotating,  the  time  average 
of  the  potential  energy  would  be  zero.  However,  due  to  the  field  of  the  ion, 
the  dipole  will  be  statistically  oriented  towards  the  position  of  maximal 
attraction  or  minimal  potential  energy.  The  degree  of  orientation  will  de- 
pend on  the  relative  magnitudes  of  the  interaction  energy  and  the  thermal 
rotational  energy  kT.  This  is  the  orientation  polarization  of  a  permanent 
dipole  in  an  electric  field  whereby  a  statistical  dipole  is  produced  with  a 
moment: 

Tc  =  -J^^—  (6-10) 
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The  potential  energy  of  the  ion  and  this  dipole  is  thus: 
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Fig.  6-3.  Interaction  of  an  ion  with  a  dipole. 
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(6-11) 


This  apphes  particularly  to  situations  where  the  electrostatic  potential 
energy  is  small  compared  to  kT\  when  it  is  larger  than  kT  the  dipole  will 
be  essentially  oriented  in  the  position  of  minimal  energy  and  the  potential 
energy  will  be  given  approximately  by  —  qjujd'^D. 

Dipole  moments  are  usually  expressed  in  electrostatic  units.   Thus  if 
each  of  the  charges  in  a  dipole  is  half  an  electron  charge  and  the  distance 
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between  them  is  2  A,  //  =  2.4xl0-i«  X  2x10-8  =  4.8xl0-i8  esii.  The 
moments  of  most  bonds  and  small  molecules  are  of  the  order  of  magnitude 
of  10-^8  esu  and  this  has  been  called  a  debye.  In  the  case  above,  the  dipole 
moment  would  be  4.8  debyes.  The  potential  energy  will  be  given  in  ergs/ 
molecule  when  q  and  //  are  in  electrostatic  units  and  d  is  in  centimeters. 
Thus  a  dipole  of  1  debye  at  a  distance  of  10  A  from  a  univalent  ion  at  37.5° 
would  give  a  potential  energy  due  to  orientation  polarization  in  the  ion 
field  of: 

(4.8x10-10)^10-")^  ,  .„     ,^  ,      ,       , 

-  1.87  X  10-"  ergs/molecule 


(3)  (1.38x10-1")  (310.7)  (10-')* 


which  is  equivalent  to  —  0.269  kcal/mole.  Since  at  37.5°  the  thermal  energy 
is  4.29  X  10"^^  ergs/molecule  or  0.617  kcal/mole  and  over  twice  the  magni- 
tude of  the  interaction  energy,  it  is  evident  that  the  dipole  will  not  be  fixed 
but  rotating  with  preferential  orientation  towards  the  ion.  It  is  interesting 
to  note  that  a  rigidly  fixed  dipole  in  the  position  of  maximal  attraction  to 
the  ion  would  give  a  potential  energy  of  —  0.691  kcal/mole;  the  electro- 
static interaction  when  the  dipole  is  free  is  thus  about  40%  of  that  when 
the  dipole  is  fixed.  Equations  6-9  and  6-11  may  be  rewritten  as: 

(p  =  69.1  -^  cos  6  kcal/mole  (6-12) 

(p  =  -  2693  ^^  kcal/mole  (6-13) 

where  z  is  the  valence  of  the  ion,  ju  is  in  debyes,  and  d  is  in  A. 

The  dipole  moment  of  a  molecule  in  solution  may  be  different  from  that 
in  the  gas  phase  as  pointed  out  by  Kirkwood  (1939).  Let  us  represent  the 
classic  moment  of  the  isolated  molecule  in  the  gas  phase  by  jl/q.  When  this 
molecule  is  surrounded  by  water  molecules,  its  moment  may  be  altered  by 
the  electrostatic  displacement  effects  of  the  water  dipoles.  The  moment 
of  the  molecule  in  solution,  designated  by  //,  is  usually  somewhat  larger 
than  jUq.  Finally,  this  dipole  will  exert  a  slight  orienting  effect  on  the  sur- 
rounding water  molecviles  and  partially  restrict  their  rotation.  The  electric 
field  at  some  distance  from  this  molecule  will  depend  not  only  on  its  in- 
trinsic moment  is  solution,  //,  but  on  the  vector  sum  of  the  moments  of 
all  the  water  molecules  influenced  by  the  central  molecule;  this  moment  of 
the  molecule  with  its  solvent  cluster  may  be  designated  //.  The  relationship 
between  these  may  be  wi'itten: 

^/V  =  jii-Ti  (6-14) 

where  g  is  a  correlation  parameter.  In  Kirkwood's  theory  of  polar  liquids, 
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the  quantity  V  ft  •  //  might  be  said  to  be  the  effective  moment  and  replaces 
//(,  in  the  older  formulations.  The  value  of  g  is  generally  unknown  and  may  be 
less  or  greater  than  unity.  For  water  it  is  around  2.65  (Oster  and  Kirkwood, 
1943)  but  the  high  value  is  in  part  due  to  hydrogen  bonding.  The  effective 
dipole  moment  of  a  molecule  in  aqueous  solution  may  thus  be  different 
from  the  usually  given  value.  Such  deviation  may  be  of  some  significance 
in  the  interaction  of  small  molecules  with  proteins  and  important  in  future 
refinements  of  the  treatment  of  intermolecular  forces. 

Dipole-Dipole    Interactions 

The  potential  energy  of  two  dipoles  depends  not  only  on  the  distance 
between  them  but  on  their  relative  orientations.  The  interactions  of  both 
fixed  dipoles  and  freely  rotating  dipoles  must  be  considered.  If  two  dipoles 
are  fixed  relative  to  one  another  as  in  Fig.  6-4(8)   and  the  distance,  d, 


(a) 


+      - 


-     i  -     + 

(b) 


^  = 

2U,^, 

d3 

0- 

d3 

0  = 

-UaUt, 

d3 

0  = 

-2^Ub 

d3 

fX- 

-2^aUb 

d3 


Fig.  6-4.  Interaction  of  two  dipoles. 
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between  them  is  much  greater  than  the  lengths  of  the  dipoles,  the  potential 
energy  is  given  by  (Moelwyn-Hughes.  1957,  p.  301): 


(2  cos  «  cos 


sin  a  sin  ji) 


(6-15) 


The  potential  energies  for  certain  configurations  are  shown  in  Fig.  6-4  (b), 
from  which  it  is  seen  that  the  maximal  attraction  occurs  when  the  dipoles 
are   oriented   in   a   head-to-tail  position. 

Interactions  of  substrates  and  inhibitors  with  enzymes  must  often  occur 
at  distances  which  are  not  markedly  greater  than  the  dipolar  lengths.  It 
is  thus  necessary  to  enquire  into  the  energies  involved  at  these  shorter 
distances.  The  two  configurations  shown  in  Fig.  6-5  lead  to  the  following 
expressions  for  the  potential  energy: 


Parallel: 


Va 


1 


Vl'  +  d' 


(6-16) 


Fig.  6-5.  Interactions  of  two  dipoles  at  small  distances. 
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Head-to-tail: 


d  -I 


d  +1 


(6-17) 


Taking  different  ratios  of  d  to  I  leads  to  the  following  values  of  the  poten- 
tial energy  (see  tabulation  below).  As  d  becomes  much  larger  than  I  the 
potential  energies,  of  course,  approach  (Pa^  —  //g/Zj/^^^  and  9?j  =  —  2/i^iLiJd^. 
However,  when  djl  becomes  less  than  5  the  usual  expressions  for  dipolar 
interaction  are  progressively  more  inaccurate.  When  the  dipoles  are  paral- 
lel, the  potential  energy  upon  close  approach  becomes  less  than  expected 
on  the  basis  of  Eq.  6-15  (i.e.,  less  absolute  potential  energy),  while  when  the 
dipoles  are  head-to-tail  the  interaction  energy  becomes  greater  than  ex- 


d 

<Fa 

Vb 

I 

■21 
31 
41 

-  0.586  n,/i,Jd^ 

-  0.845  //./i^/d^ 

-  0.914  ^i,/i,Jd' 

-  0.962  iu,^,Jd' 

-  2.67  /v',/d« 

-  2.25  fiafijd^ 

-  2.13  /n„^<Jd^ 

pected.  These  deviations  may  be  of  considerable  importance  in  enzyme 
interactions. 

Equations  of  the  type  (p  =  K/u^juJd^D,  such  as  6-15  to  6-17,  can  be  writ- 
ten in  the  following  convenient  form: 


14.4  A     "J*    kcal/mole 


(6-18) 


when  the  //'s  are  in  debyes  and  d  in  A.  The  energy  involved  in  such  dipole 
pairs  is  usually  not  very  large:  two  dipoles  of  //  =  2  debyes  at  a  distance 
of  5  A  in  orientation  for  maximal  interaction  possess  a  potential  energy  of 
approximately  1  kcal/mole  in  a  vacuum,  much  less  than  for  ionic  interactions 
over  the  same  distance. 

The  problem  of  freely  rotating  dipoles  must  now  be  considered.  There 
are  two  possible  situations  of  interest.  The  first  is  where  dipole  A  is  fixed 
and  dipole  B  is  free,  as  might  occur  in  the  interaction  of  a  small  molecule 
in  solution  with  a  dipole  on  the  enzyme  surface,  in  which  case  the  poten- 
tial energy  is  given  by: 


SkTd'D 


(1  +  Scos^e) 


(6-19) 


where  6  is  the  angle  the  line  of  centers  makes  with  the  axis  of  dipole  A. 
The  second  is  where  both  dipoles  are  free  and  their  interaction  is  due  to 
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the  mutual  orientation  polarization  they  exert,  in  which  case  the  potential 
energy  is: 


SkTd'D' 


(6-20) 


These  expressions  may  be  derived  from  the  electrical  field  around  a  dipole, 
the  orientation  such  a  field  produces  on  a  freely  rotating  dipole,  and  the 
interaction  of  the  field  with  the  average  moment  induced.  The  energy  is 
always  negative  since  orientation  tends  towards  the  most  stable  state. 
Equations  of  type  (p  =  —  A  fj.^fi^jkTd^D^,  such  as  6-19  and  6-20,  may 
be  written: 

9,  =  -  350  A  ''"  'l^"    kcal/mole  (6-21) 

when  the  //'s  are  in  debyes  and  (/  in  A.  Thus  the  potential  energy  of  two 
freely  rotating  dipoles  of  fi  —  2  debyes  at  a  distance  of  5  A  in  a  vacuum 
would  be  —  0.24  kcal/mole.  For  this  treatment  to  be  valid,  the  potential 
energy  must  be  less  than  the  thermal  energy  A'T.  for  otherwise  the  interaction 
would  be  strong  enough  to  orient  the  dipoles  in  relatively  fixed  positions 
and  equations  of  type  6-18  would  be  applicable.  The  dependence  of  the 
potential  energy  of  two  dipoles  upon  distance  will  thus  be  related  to  the 
magnitudes  of  the  moments  and  the  ability  to  approach  close  enough  to 
produce  a  partially  rigid  configuration. 

Hydrogen   Bonding 

Hydrogen  bonds  are  said  to  occur  when  electronegative  atoms  are  bonded 
by  a  hydrogen  atom  between  them.  The  bond  energy  is  less  than  that  in- 
volved in  covalent  bonding  and  is  usually  of  the  order  of  2-10  kcal/mole. 
Such  a  bond  between  nitrogen  and  oxygen  is  usually  written  as  0— H  •••  N 
where  the  0  — H  bond  is  essentially  covalent  and  the  dots  indicate  the  hy- 
drogen bond.  Hydrogen  cannot  form  two  covalent  bonds  and  it  is  not  a 
matter  of  resonance  of  the  hydrogen  atoms  between  the  two  electronegative 
atoms  because  the  bonds  are  asymmetrical.  The  explanation  is  probably 
to  be  sought  in  the  electrostatic  interaction  of  bond  dipoles.  If  A  and  B 
are  electronegative  atoms,  they  will  usually  possess  a  fractional  negative 
charge  when  bonded  to  other  atoms,  due  to  the  ability  of  such  atoms  to 
distort  the  electronic  configuration.  Thus  the  bond  A— H  is  a  dipole  and 
may  be  written  A~— H^,  these  charges  being  fractions  of  electronic  and 
protonic  charges.  The  bond  B— R  will  similarly  be  a  dipole  and  may  be 
written  B~— R"^.  The  interaction  of  these  two  bonds  in  the  appropriate 
head-to-tail  position  can  be  represented  as  follows: 

A~-H+ B~-R+ 
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and  here  the  clots  represent  the  dipolar  interaction.  If  this  is  the  correct 
mechanism,  the  bond  energy  should  be  given  approximately  by  a  calcula- 
tion of  this  dipolar  interaction.  Let  us  take  the  0— H  •••  0  bond  as  it  occurs 
in  water:  the  bond  distance  is  2.76  A  and  the  distance  between  dipole  cen- 
ters is  therefore  2.40  A  (taking  into  account  the  configuration  of  the  water 
molecules),  the  dipole  moment  of  the  0— H  bond  is  1.51  debyes  and  of  the 
water  molecule  1.83  debyes,  and  the  0— H  bond  distance  is  0.955  A.  Using 
Eq.  6-17  the  potential  energy  is  found  to  be  —  6.61  kcal  mole;  this  must 
be  corrected  for  repulsion  interaction  (see  page  231)  by  a  reduction  of  ap- 
proximately 35%  and  the  final  calculated  energy  is  therefore  —  4.29  kcal/ 
mole.  The  experimental  bond  energy  is  —  4.5  kcal/mole  and  the  agreement 
is  satisfactory;  there  are,  of  course,  other  interactions  of  less  importance, 
such  as  induction  effects,  which  will  increase  the  stability  slightly.  One 
can  therefore  interpret  the  hydrogen  bond  simply  as  an  ordinary  dipole- 
dipole  interaction.  Such  bonds  are  formed  more  readily  with  hydrogen  than 
with  other  atoms  because  the  small  size  of  the  hydrogen  atom  allows 
close   approach   of  the   interacting  electronegative   atoms. 

An  interesting  discussion  of  the  various  theories  of  the  hydrogen  bond 
has  been  presented  by  Pimentel  and  McClellan  (1960,  p.  226).  A  critical 
evaluation  of  the  electrostatic  theory  was  given  and  it  was  concluded  that 
it  does  not  account  for  all  the  phenomena  observed  in  hydrogen  bond  for- 
mation. They  believe  that  a  molecular  orbital  treatment,  involving  both 
bonding  and  nonbonding  orbitals,  might  be  preferable,  but  at  the  present 
time  such  a  description  cannot  be  quantitative.  Another  approach  is  to 
interjDret  the  stability  of  the  hydrogen  bond  as  the  result  of  resonance 
between  structures  such  as  the  following: 


A-H 

:B 

A: 

H- 

:B 

A: 

H-B 

where  the  daslies  indicate  covalent  bonds  (Pauling.  1960,  p.  449;  Wheland, 
1955,  p.  47).  These  and  other  theories  are  usually  not  as  incompatible  as 
has  often  been  assumed. 

The  strength  of  the  hydrogen  bond  will  depend  in  part  on  the  magnitude 
of  the  dipole  moments  involved  and  thus  on  the  degree  of  electronegativity 
of  the  atoms  bonded.  The  electronegativities  for  biologically  important 
atoms  are  (Gordy,  1946):  F.  3.95;  0.  3.45;  N,  2.98;  CI.  2.97;  Br,  2,75;  C, 
2.55;  S,  2.53;  I,  2.45;  H,  2.13;  and  P.  2.10.  In  Table  6-1  the  bond  moments 
and  electronegativity  differences  are  given  for  some  X— H  bonds  of  possible 
significance  in  inhibitor  interactions.  A  reasonable  correlation  may  be 
observed.  It  should  be  pointed  out  that  these  bond  moments  are  average 
values  only  and  that  the  actual  moment  in  a  molecule  will  depend  on  the 
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Table  6-1 
Bond  Moments  and  Electronegativity  Differences  " 


Bond 

Dipole  moment 

Electronegativity 
difference 

F  -H 

1.94 

1.82 

0  -H 

1.51 

1.32 

N  -H 

1.31 

0.85 

Cl-H 

1.08 

0.84 

Br-H 

0.78 

0.62 

S   -H 

0.68 

0.40 

C   -H 

0.40 

0.42 

I    -H 

0.38 

0.32 

P  -H 

0.36 

-0.03 

°  The  dipole  moments  were  taken  from  Smyth  (1955,  p.  244)  with  the  positive  pole 
being  the  hydrogen  atom  in  each  case.  Exact  correlation  with  the  electronegativity 
difference  is  not  to  be  expected  because  of  size  differences  between  the  atoms  and 
the  occurrence  of  orbital  hybridization. 


groups  attached  to  the  atoms.  The  important  C— H  bond  may  be  cited  as 
an  example:  although  its  moment  is  generally  given  as  0.4  with  the  direction 
C  —  H"^,  there  is  good  evidence  that,  at  least  in  some  cases,  the  dipole 
is  reversed  as  C+-H~  (Wheland,  1955,  p.  207;  Smyth,  1955,  p.  240).  The 
reason  for  this  direction,  unexpected  from  the  relative  electronegativities, 
is  probably  the  s;9-hybridization  in  the  bond  and  the  unequal  distribution 
of  electrons  around  the  carbon  atom;  the  resultant  moment  will  depend  on 
the  groups  attached  to  the  carbon  atom.  This  situation  is  mentioned  because 
it  is  wished  to  emphasize  the  variability  in  bond  moments.  Carbon  can  par- 
ticipate in  hydrogen  bonding  (hydrogen  cyanide  and  acetaldehyde)  so  in 
these  cases  the  hydrogen  atom  must  be  positive. 

The  energy  of  the  0  — H  ••••  0  bond  probably  ranges  from  4-6  kcal/mole 
and  other  biologically  common  hydrogen  bonds  are  weaker:  for  example,  the 
N— H  •••  0  bond  may  be  in  the  range  2-3  kcal/mole  and  the  N— H  •••  N 
bond  between  1-2  kcal/mole.  Nitrogen  is  less  electronegative  than  oxygen 
and  has  a  greater  covalent  radius;  thus  the  moments  are  smaller  and  the 
distance  between  the  dipoles  somewhat  larger  when  nitrogen  forms  a  hy- 
drogen bond,  both  of  which  would  decrease  the  bond  energy.  It  is  evident 
from  the  electrostatic  nature  of  the  hydrogen  bond  that  it  will  vary  in 
stability  with  changes  in  pH  or  ionic  strength;  stability  is  generally  reduced 
by  decrease  in  pH  or  increase  in  ionic  strength.  The  energy  of  activation 
for  the  formation  or  rupture  of  hydrogen  bonds  is  quite  low  and  thus  they 
show  high  mobility.  Since  the  formation  of  hydrogen  bonds  between  a 
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substance  and  a  protein  involves  breaking  of  the  previous  hydrogen  bonds 
between  protein  and  water  and  between  the  substance  and  water,  this 
mobility  may  be  of  some  significance  in  the  rates  of  such  reactions. 

The  entropy  change  resulting  from  the  formation  of  a  single  hydrogen 
bond  is  usually  between  —  10  and  —  20  cal/mole/degree  in  the  gas  or  liquid 
phases.  However,  in  aqueous  solution  the  JS  and  JH  for  hydrogen  bond 
formation  may  be  quite  different  from  the  values  that  are  generally  given 
for  the  pure  state.  Let  us  assume  that  two  molecules,  A  and  B,  associate 
through  a  hydrogen  bond.  Before  this  bond  is  formed,  each  molecule  in 
solution  has,  to  some  extent,  formed  a  hydrogen  bond  with  a  neighboring 
water  molecule;  following  the  association  of  A  and  B,  the  water  molecules 
released  will  tend  to  form  hydrogen  bonds  with  other  water  molecules  in 
the  aqueous  structure.  Thus  the  over  all  reaction  may  be  written  as: 

A-H-w  +  B-H-it;    ->    A-H-B  +  w-H-ir 

where  iv  represents  either  H2O  or  OH,  depending  on  the  origin  of  the  hy- 
drogen atom  in  the  bond.  The  over-all  thermodynamic  changes  are,  there- 
fore, not  as  great  as  in  the  pure  phase.  There  is  probably  still  a  small  de- 
crease in  the  entropy  during  hydrogen  bond  formation  in  aqueous  solution 
(Lumry,  1959,  p.  157). 

Ion-Induced  Dipole  Interactions 

All  molecules  in  an  electric  field  become  polarized  and  this  results  in  a 
dipole  whose  moment  is  dependent  on  the  strength  of  the  field  and  the  pro- 
perties of  the  molecule.  In  the  most  general  case  the  total  polarization  is 
given  by: 

P  =  P,  +  P,+  P„,  (6-22) 

Pg  is  the  electronic  polarization  which  is  due  to  the  displacement  of  the 
electrons  in  the  field.  P^  is  the  atoinic  polarization  and  is  due  to  the  displace- 
ment of  atoms  or  groups  in  the  molecule.  P,^  is  the  orientation  polariza- 
tion and  results  from  the  preferential  orientation  of  a  molecule  with  a  per- 
manent dipole  in  the  field.  In  a  molecule  without  a  permanent  dipole  the 
polarization  induced  by  the  field  is  P^  +  P^  which  may  be  called  the  in- 
duced polarization  P,.  It  is  a  polarization  that  is  dependent  on  the  inherent 
flexibility  of  movement  of  the  electrons  and  atoms  in  a  molecule,  that  is, 
the  polarizability  of  the  molecule.  Such  induction  will,  of  course,  occur  in 
a  molecule  with  a  permanent  dipole,  but  in  this  section  we  shall  be  concerned 
only  with  electronic  and  atomic  polarizations;  the  polarization  of  a  perma- 
nent dipole  in  the  field  of  an  ion  has  been  discussed  in  a  previous  section. 
The  distinction  between  P^  and  P^  is  important  only  in  alternating  fields, 
with   which   we  are  not  concerned,  and   therefore   the  resultant  induced 
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polarization  P ^  will  be  the  important  quantity  for  our  present  purpose. 
The  dipole  induced  in  a  molecule  by  the  field  of  an  ion  will  always  lead  to 
attraction  between  the  ion  and  the  molecule  and  thus  will  contribute  to 
the  energy  of  interaction  in  favor  of  stability. 

The  induced  dipole  moment  will  be  proportional  to  the  field  strength: 

/',  =  ocoF  (6-23) 

and  oriented  with  the  field;  in  the  field  of  an  ion  the  dipole  will  be  aligned 
radially  to  the  ion.  The  proportionality  constant  a^  is  called  the  polar- 
izability  of  the  molecule;  in  conformity  with  previous  usage,  the  total 
polarizability,  including  the  orientation  of  a  permanent  dipole,  will  be 
designated  by  a.  Since  the  potential  energy  of  a  dijwle  in  an  electrical 
field  is  given  by  9?  =  —  /.iF  cos  0  and  here  0  —  0°: 

(f-  =   -  ttoi^"  (6-24) 

However,  it  requires  energy  to  induce  the  dipole  and  this  is  a^F^j^.  Thus 
the  potential  energy  of  the  dipole  in  the  ion  field  is: 

cp  =  — -—    -  UoF-  = —  (6-25) 

The  field  of  an  ion  is  given  by  i^  =  qjd^D,  where  q  =  ze,  so  that: 

^  =   -  ^   =   "  ^''^   1^^  ^o^\ln^ole  (6-26) 

where  the  energy  is  given  in  kcal/mole  if  a^  is  in  units  of  10"-*  ml/molecule 
and  d  is  in  A.  The  potential  energy  of  a  water  molecule  (c^q  ~  1.444)  in 
the  field  of  a  univalent  ion  at  a  distance  of  5  A  in  vacuum,  due  only  to 
inductive  effects,  is  thus  —  0.384  kcal/mole.  This  contribution  would  be 
small  compared  to  the  interaction  of  the  ion  with  the  permanent  dijiole  of 
the  water  molecule,  which  would  be  around  —  5  kcal/mole.  The  potential 
energy  due  to  an  induced  dipole  is  dominant  only  in  interactions  between 
ions  and  nonpolar  molecules. 

The  values  of  the  polarizability  a^  are  determined  l)y  measurements  of 
the  optical  refraction  since  the  latter  depends  upon  the  electronic  and  atom- 
ic distortions  induced  by  the  alternating  electrical  field  of  the  radiation. 
The  refraction  varies  with  the  wavelength  of  the  light  used;  by  determi- 
nations at  two  or  more  wavelengths  it  is  possible  to  calculate  the  refrac- 
tion at  zero  frequency  where  the  effect  of  a  constant  field  is  obtained. 
The  molar  refraction  at  zero  frequency  is  related  to  the  polarizability: 

R.  =    '-^  (6-27) 
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and  thus  the  expression  for  the  potential  energy  may  be  rewritten  as: 
3RoZ-e^  „^  ^    RoZ 


S7i^d*D' 


=  -  65.8 


d'D' 


kcal/mole 


(6-28) 


The  potential  energy  is  given  in  kcal/mole  when  R^  is  in  ml/mole  and  d 
in  A.  The  molar  refraction  of  a  substance  is  approximately  equal  to  the 
sum  of  the  atomic  refractions  of  the  constituent  atoms,  as  proposed  by 
Landolt  in  1862.  The  usually  accepted  values  for  atomic  refractions  are 
given  in  the  tabulation  below. 


Atom 

i?o 

Atom 

R, 

H 

1.07 

F 

1.06 

C 

2.35 

CI 

5.79 

0  (carbonyl) 

2.15 

Br 

8.60 

0  (hydroxyl) 

1.48 

I 

13.5 

0  (ether) 

1.59 

S 

7.15 

N  (primary  amine) 

2.25 

P 

8.15 

N  (secondary  amine) 

2.43 

Double  bond 

1.68 

N  (tertiary  amine) 

2.75 

Triple  bond 

2.33 

A  somewhat  more  accurate  approach  is  to  consider  the  molar  refraction  as 
the  sum  of  bond  refractions,  inasmuch  as  the  polarizability  is  mainly  due 
to  the  bonding  electrons.  Bond  refractions  and  polarizabilities  are  presented 
in  Table  6-2.  Double  bond  conjugation  leads  to  refractions  greater  than 
expected  on  the  basis  of  the  atomic  or  bond  refractions;  this  is  called 
exaltation  and  values  for  certain  conjugated  systems  are  shown  in  Table 
6-3.  Some  approximate  ionic  and  group  refractions  are  given  in  Tables  6-4 
and  6-5.  The  molar  refractions  of  compounds  may  also  be  calculated  from 
the  indices  of  refraction  by  the  Lorentz-Lorenz  equation  (indices  of  re- 
fraction for  many  compounds  are  given  in  the  International  Critical  Tables, 
1930,  Vol.  7.  and  in  Timmermans'  "  Physico-Chemical  Constants  of  Pure 
Organic  Compounds  "  1950).  The  induced  polarization  involves  principally 
the  electrons  in  the  outer  shell  of  an  atom  or  ion,  including  those  in  bonding 
orbitals,  and  the  contribution  from  atomic  polarization  is  only  1-5%  of 
the  electronic  contribution. 

The  polarizability  a^  is  a  spherical  average  but  actually  most  bonds 
and  molecules  are  asymmetric  with  respect  to  their  polarizability.  Bonds 
generally  exhibit  a  much  greater  polarizability  along  the  bond  axis  than 
transversely,  and  the  polarizability  of  benzene  is  about  twice  as  great  in 
the  plane  of  the  ring  as  perpendicular  to  it.  This  refraction  anisotropy  may 
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Table  6-2 

Properties  of  Biologically  Important  Bonds  '^ 


Bond 

Length 

(A) 

Dipole 

moment  /t 

(debyes) 

Atomic 
charge 
(electron 
charge) 

Molar 

refraction  islo 

(ml/mole) 

Polari- 
zabihty  «„ 

(xlO^i  ml/ 
molecule) 

Bond 

energy 
(kcal/mole) 

C-C 

1.54 

0 

0 

1.20 

0.475 

81 

C-H 

1.09 

0.4 

0.08 

1.65 

0.655 

99 

C-0 

1.42 

1.5 

0.22 

1.41 

0.559 

80 

C-N 

1.46 

1.15 

0.16 

1.51 

0.598 

66 

c-s 

1.81 

1.73 

0.20 

4.43 

1.75 

61 

C-F 

1.38 

2.24 

0.34 

1.78 

0.705 

102 

C-Cl 

1.76 

2.3 

0.27 

6.38 

2.53 

76 

C-Br 

1.93 

2.2 

0.24 

9.19 

3.64 

63 

C-I 

2.13 

2.0 

0.19 

14.08 

5.57 

47 

N-N 

1.44 

0 

0 

1.52 

0.602 

37 

N-H 

1.01 

1.01 

0.27 

1.82 

0.721 

92 

0-0 

1.32 

0 

0 

1.62 

0.641 

34 

0-H 

0.96 

1.51 

0.33 

1.85 

0.733 

105 

S-S 

2.08 

0 

0 

7.41 

2.93 

66 

S-H 

1.34 

0.68 

O.ll 

4.62 

1.83 

87 

c=c 

1.35 

0 

0 

4.02 

1.59 

140 

c=c 

1.20 

0 

0 

5.83 

2.31 

193 

c=o 

1.22 

3.12 

0.53 

3.32 

1.31 

178 

C^N 

1.15 

3.5 

0.63 

4.69 

1.86 

211 

N=0 

1.16 

2.0 

0.36 

3.34 

1.32 

104 

"  These  are  eclectic  values  from  several  recent  sources.  The  dipole  moments  of 
some  bonds  have  been  corrected  for  the  reversal  of  the  earlier  C  — H  bond  moment 
(Wheland,  1955,  p.  209);  according  to  the  classic  direction  the  moments  are  C  — N, 
0.22;  C-0,  0.74;  C-Cl,  1.46;  C-Br,  1.38;  C-I,  1.19  (Smyth,  1955,  p.  244;. 
The  atomic  charge  has  beer  calculated  from  the  bond  distance  and  the  dipole  moment 
and  is  given  in  electron  charge  units.  In  some  cases  Rq  has  been  calculated  from  i?^, 
the  refraction  at  the  sodium  D  line.  All  values  are  subject  to  variation  with  different 
groups  on  the  bonded  atoms. 

be  important  in  situations  in  which  the  polarizing  charge  is  in  a  fixed  con- 
figuration with  respect  to  the  molecule  polarized. 

In  the  evaluation  of  the  interaction  energy  between  an  ion  and  the  in- 
duced dipoles  in  a  complex  molecule,  it  is  necessary  to  integrate  the  in- 
teraction over  the  atoms  and  bonds  involved.  In  a  large  molecule  it  is  not 
necessarily  the  total  molar  refraction  that  is  important;  in  a  uniform  field 
the  total  refraction  or  polarizability  has  significance  but  in  the  decremental 
field  of  an  ion  it  is  more  accurate  to  consider  the  contributions  of  each  bond 
or  group  at  its  distance  from  the  ion. 
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Table  6-3 
Refraction  Exaltations  Due  to  Conjugation  " 


Compound 

Exaltation  ( J i?o) 
(ml/mole) 

CH2 = CHj  —  CH2  =  CHj 

+  1.42 

CH2=CH2-CH2  =  CH2-CH2=CH2 

+2.07 

cp-CH=CH2-CH2  =  CH2 

+  3.66 

<p-CH  =  CH2 

+  1.20 

<p-CHO 

+  1.18 

tp -NO2 

+  0.93 

cp-XH^ 

+0.93 

<p-SH 

+0.49 

<p-OH 

+0.24 

Naphthalene 

+2.55 

Anthracene 

+  8.17 

«  From  Smyth  (1955). 


Table  6-4 
Ionic  Refractions 


Ion 

(ml/mole) 

Na+ 

0.50 

K+ 

2.2 

Mg++ 

0.29 

Ca++ 

1.35 

Zn++ 

0.3 

Cd++ 

2.4 

F~ 

2.5 

cr 

8.7 

Br~ 

12.2 

I" 

18.5 

From   .Smyth   (1955,   p.   40"; 
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Table  6-5 
Molecular  Group   Refractions  and   Dipole   Moments   " 


Group 

(calculated) 

Dipole  moment  // 

Dipole 

(p  - 

Et  - 

Angle 

-CH3 

6.15 

0.4 

0 

180° 

-CH2CH3 

10.65 

0.4 

0 

180° 

-OH 

3.26 

1.6 

1.7 

620 

-OCH3 

1 .11 

1.25 

1.25 

550 

-SH 

9.05 

1.3 

1.4 

^60° 

-NHs, 

5.15 

1..53 

1.38 

jlOOo 
1420 

-NH3+ 

6.97 

— 



-NO2 

6.42 

3.98 

3.3 

0° 

-COOH 

7.78 

1.64 

1.68 

740 

-coo- 

5.93 

— 

— 

— 

-COCH3 

10.67 

2.89 

2.7 

570 

-CHO 

6.17 

2.76 

2.5 

550 

-CN 

5.89 

4.0 

3.57 

Qo 

"  The  molar  refractions  were  calculated  from  the  bond  refractions  in  Table  6-2 
assuming  that  the  group  is  bonded  to  a  carbon  atom.  Thus  to  obtain  the  change  in 
refraction  upon  substitution  of  these  groups  for  a  hydrogen  atom,  the  refraction  of 
the  C  — H  bond  (1.65)  must  be  subtracted  from  the  values  given  in  the  table.  The 
group  moments  for  both  phenyl  and  ethyl  derivatives  were  obtained  mainly  from 
Smyth  (1955,  p.  253)  as  were  the  angles  that  the  group  dipoles  form  with  the  C  — group 
bond  axis.  The  two  figures  given  for  the  dipole  angle  of  the  aminp  compounds  are 
for  the  aliphatic  and  aromatic  situations  respectively. 


Dipole-lnduced  Dipole  Interactions 

A  permanent  dipole  can  also  polarize  a  neighboring  molecule.  The  po 
tential  energy  of  a  polarizable  molecule  in  an  electrical  field  is  9?  = 
(Eq.  6-25).  The  field  strength  of  a  permanent  dipole  is  given  by: 


ocJV'2 


/' 


d^D 


V"  1  +  3  cos2 


where  0  is  defined  in  Fig.  6-3.  The  potential  energy  is  thus: 


9 


U^D 


-  [1  +  3  cos=  d] 


(6-29) 


(6-30) 


When  the  polarized  molecule  lies  on  the  dipole  axis,  9^  =  —  2aQ/.i^ld^D^, 
and  when  it  lies  on  a  line  perpendicular  to  the  dipole  and  passing  through 
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the  dipole  center,  cp  =  —  Uq^i-JIcI^D-.  When  the  molecules  are  freely  ro- 
tating one  may  take  the  average  field  of  the  dipole  {F  =\/  2juld^),  from 
which  the  average  potential  energy  due  to  the  induced  moment  is  99  = 

—  UojU'ld^D'-.  Two  identical  dipoles  will  mutually  polarize  each  other  and 
the  potential  energy  will  then  be  9?  =  —  2aoju^ld^D^.  The  type  equation 
(p  ^  —  AaQi-i^jd^D-  may  be  written  in  terms  of  kcal/mole: 

^  _  _  14.4  A  -^^  kcal/mole  (6-31) 

d^D- 

cp  =  -  5.71  A  ^^  kcal/mole  (6-32) 

when  Uq  is  in  units  of  10-^4  ml/molecule,  R^  is  in  ml/mole,  //  is  in  debyes, 
and  d  is  in  A.  Such  energies  are  usually  quite  small  unless  the  dipole  is 
very  near  the  molecule  that  is  polarized.  Two  water  molecules  at  a  distance 
apart  of  5  A  would  involve  an  energy  due  to  mutual  induction  of  only 

—  0.009  kcal/mole,  which  may  be  compared  to  the  —  0.384  kcal/mole 
previously  calculated  for  the  potential  energy  of  a  water  molecule  at  the 
same  distance  from  an  ion.  Even  at  3  A  separation  in  a  mutually  fixed 
configuration  the  energy  would  be  less  than  0.1  kcal/mole. 

Electrokinetic  Interactions  (Dispersion  or  London   Forces) 

Neutral  nonpolar  molecules  or  groups  attract  one  another  despite  the 
apparent  lack  of  any  charge  localization.  Such  forces  have  been  recognized 
for  a  long  time  and  often  are  the  major  contribution  to  van  der  Waal's 
interaction.  However,  the  theories  of  classic  electrostatics  were  unable  to 
explain  such  attraction  and  the  nature  of  such  forces  was  unknown  until 
London  in  1930  pointed  out  the  relationship  to  optical  dispersion  and  de- 
rived expressions  for  these  interactions  on  a  quantum  mechanical  basis 
(London,  1930,  1937).  A  symmetrical  molecule  will  at  any  instant  possess 
a  dipole  moment  due  to  fluctuations  in  the  relative  positions  of  the  nuclei 
and  outer  electrons;  this  instantaneous  dipole  will  create  a  field  that  will 
polarize  an  adjacent  molecule.  Likewise,  the  second  molecule  will  possess 
a  fluctuating  dipole  which  will  polarize  the  first  molecule.  There  will  thus 
arise  a  coupling  between  the  oscillations  of  the  electrons  of  the  two  mole- 
cules so  that  the  statistical  distribution  of  electrons  will  continuously 
favor  attraction.  There  is  not  a  single  dipole  in  a  molecule  but  many  oscil- 
lating dipoles;  these  dipoles  of  different  moments  must  be  integrated  for 
each  molecule  to  arrive  at  the  interaction  energy.  Since  the  London  formu- 
lation has  been  used  in  estimating  interactions  in  protein  and  enzyme 
systems,  it  will  be  presented  first,  following  which  some  more  recent  sug- 
gestions for  improvement  will  be  considered. 
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The  potential  energy  of  two  neutral  nonpolar  molecules  was  given  by 
London  as: 

(6-33) 


a  is  the  molecular  polarizability  (for  convenience  we  shall  drop  the  sub- 
script in  Uq),  Ji  is  Planck's  constant  (6.624  xlO"^'  erg-sec),  v^  is  the  fre- 
quency of  the  electrical  oscillator  responsible  for  the  polarizability,  and 
the  subscripts  1  and  2  refer  to  the  two  molecules  interacting.  London  sim- 
plified the  equation  by  equating  Jir^  to  the  ionization  potential  of  the  mol- 
ecule. Thus  Eq.  6-33  may  be  rewritten  as: 

<p  =  -  ^^^   ^^  (6-34) 

where  /  is  the  ionization  potential.   Since  a  =  3RI4:7tN: 

27RiR2         lili 


327t2N'^(^»     /i  +  /j 


(6-35) 


Since  molar  refractions  and  ionization  potentials  are  experimental  quanti- 
ties, this  equation  may  be  used  to  calculate  interaction  energies  for  any 
specified  distance  between  the  molecules.  1\\  terms  of  kcal/mole: 

w  =  —  1.5  — ; —    -^ ;—   kcal/mole  (6-36) 

d'       I,  +  U 

<p  =  -  0.236  ^?^     ,  ^'^\      kcal/mole  (6-37) 

d'       h  +  h 

when  a  is  in  units  of  lO"-"*  ml/molecule,  R  is  in  ml/mole,  /  is  in  kcal/mole, 
and  d  is  in  A.  When  /  is  in  electron  volts  (ev)  each  equation  must  be  mul- 
tiplied by  23.06.  Pauling  and  Pressman  (1945)  assumed  an  average  ioni- 
zation energy  of  14  ev  and  applied  the  equation: 

(p  =  -  38.1  Jh^  kcal/mole  (6-38) 

d^ 

to  protein  interactions. 

The  London  treatment  gives  values  for  the  interaction  energy  that  are 
less  than  the  experimental  values.  An  improvement  was  made  by  Slater 
and  Kirkwood  (1931),  who  introduced  the  factor  Z,  the  number  of  elec- 
trons in  the  outer  shells  of  the  molecule  (the  bonding  and  unbonded  elec- 
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tron  pairs),  and  a  new  vibrational  frequency  v^,  this  being  dependent  on 
the  mass  and  charge  of  the  electron  and  the  polarizability  of  the  molecule: 


which  for  the  interaction  between  identical  molecules  reduces  to: 


(6-39) 


(6-40) 


The  quantity  hv^  is  no  longer  the  ionization  energy.  Values  of  v^  and  Z 
for  some  common  molecules  are  given  in  Table  6-6.  Actually  this  treatment 
still  does  not  provide  energy  values  sufficiently  high  and  further  improve- 
ment may  be  made  by  using  another  frequency  v,.  which  is  obtained 
from  dispersion  data  and  is  related  to  v^  by  the  equation  i\.  =  y  s  v/. 


(6-41) 


Table  6-6 

Optical   Constants    for    Simple    Molecules  " 


Molecule 

J^eX  10-15 

(sec-1) 

i;„X  10-15 
(sec-i) 

/iv„xl0i2 
(ergs) 

Z 

s 

OToXlO^^ 

(ml) 

Bo 
(ml/mole) 

H, 

2.82 

3.52 

23.3 

2 

1.56 

0.802 

2.04 

0, 

2.02 

3.58 

23.7 

12 

3.13 

1.56 

3.96 

X, 

1.92 

4.13 

27.4 

10 

4.64 

1.73 

4.40 

CI, 

1.19 

3.10 

20.5 

14 

6.74 

4.50 

11.43 

CO 

1.82 

3.35 

22.2 

10 

5.37 

1.93 

4.89 

XO 

1.94 

3.49 

23.1 

11 

3.25 

1.69 

4.31 

H20 

2.10 

3.27 

21.6 

8 

2.42 

1.44 

3.67 

H^S 

1.32 

2.79 

18.5 

8 

4.45 

3.64 

9.25 

X^O 

1.48 

3.38 

22.4 

16 

5.22 

2.92 

7.42 

C02 

1.57 

3.74 

24.8 

16 

5.71 

2.59 

6.59 

XH3 

1.72 

2.85 

18.9 

8 

2.73 

2.14 

5.45 

HCX 

1.60 

3.06 

20.3 

10 

3.65 

2.49 

6.32 

CH, 

1.54 

3.42 

22.6 

8 

4.83 

2.70 

6.85 

CaHg 

1.21 

3.11 

20.6 

14 

6.55 

4.33 

10.99 

CeHe 

0.803 

2.54 

16.8 

30 

10.03 

9.89 

25.11 

CH3CX 

1.22 

3.02 

20 . 0 

16 

6.10 

4.27 

10.85 

"  Taken  in  part  from  Moelwyn-Hughes  (1957,  p.  373)  and  includes  only  molecules 
of  possible  interest  in  biological  interactions. 
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Values  of  )',,  are  also  given  in  Table  6-6.  The  use  of  this  equation  pro- 
vides satisfactory  values  for  the  interaction  energy  in  those  cases  of  simple 
molecules  that  have  been  investigated.  The  factor  5  relating  v,.  and  v^ 
is  the  effective  number  of  dispersion  electrons  and  values  are  given  in 
Table  6-6.  Although  Eq.  6-41  is  admittedly  only  an  approximation,  it 
will  be  used  in  the  present  book  for  calculating  dispersion  energies.  When 
possible,  the  values  of  h\.  and  Z  should  be  used,  but  in  cases  where  the 
interaction  involves  many  groups  or  the  groups  interacting  are  not  known 
(as  is  the  situation  usually  in  binding  to  enzymes),  it  is  useful  to  derive 
an  expression  employing  the  most  probable  values  for  molecules  of  the  type 
encountered  in  enzyme  studies.  The  values  of  )',,  for  molecules  composed 
of  C,  0,  H,  N,  and  S  are  reasonably  constant  (Table  6-6)  and  an  average 
value  of  3.34  sec~^  may  be  assumed  leading  to  an  average  value  for  Jn\  of 
22.1  X  10~^^  ergs/molecule.  Taking  Z  to  be  approximately  the  same  in  each 
of  the  interacting  molecules  or  groups: 

(p  =  -  238.6  V^-^^  kcal/mole  (6-42) 

(p  =  -37.b\/Z — '—-   kcal/mole  (6-43) 

The  difference  between  this  result  and  Eq.  6-38  of  Pauling  and  Pressman 
is  mainly  in  the  V  Z  factor.  Since  Z  is  usually  between  8  to  16  for  interact- 
ting  atoms,  bonds  and  small  groups,  the  energies  of  interaction  will  be  about 
three  to  four  fold  greater  than  in  the  Pauling  and  Pressman  expression. 
The  potential  energy  due  to  dispersion  forces  between  two  methyl  groups 
at  a  separation  of  5  A  from  values  in  Table  6-6  and  Eq.  6-41  is  —  0.322 
kcal/mole  and  from  Eq.  6-43  is  —  0.318  kcal'mole.  Although  single  group 
interactions  exliibit  small  energies  due  to  dis])ersion  forces  over  several  A, 
the  strong  dependency  on  distance  leads  to  appreciable  energies  when  the 
groups  are  in  contact;  also  in  larger  molecules  these  dispersion  forces  may 
occur  over  an  extensive  surface  of  contact  and  the  total  energy  may  be  fairly 
large. 

The  London  expressions  for  the  interaction  of  mutually  induced  dipoles 
are  inaccurate  for  short  distances  where  the  atomic  wave  functions  overlap 
and  at  long  distances  due  to  the  phenomenon  of  retardation.  It  was  pointed 
out  by  Casimir  and  Polder  (1948)  that  the  dispersion  energy  should  fall 
off  faster  than  predicted  by  London  when  the  distance  between  the  atoms 
or  molecules  becomes  comparable  to  the  wavelength  corresponding  to  the 
electronic  frequencies  involved  (actually  the  chief  absorption  wavelength 
of  the  interacting  atom).  The  effect  of  the  movement  of  a  charge  on  another 
charge  is  not  instantaneous  but  progresses  at  the  velocity  of  light.  As 
long  as  the  mutually  oscillating  dipoles  are  close  together,  the  interaction 
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between  them  occurs  so  rapidly  that  the  movements  are  synchronized 
but  as  the  separation  becomes  greater,  a  point  is  reached  where  the  elec- 
trodynamic  effects  cannot  pass  between  the  atoms  sufficiently  rapidly 
and  retardation  of  the  mutual  interaction  occurs.  This  factor  may  be  in- 
cluded as  a  correction  factor  in  the  London  expressions: 

V  =  f<FL  (6-44) 

where  9?^  is  the  usual  London  interaction  energy  and  /  is  the  retardation 
correction.  At  short  distances,  /=  1,  but  as  the  separation  increases  / 
becomes  proportional  to  Ijd.  From  plots  of /made  by  Casimir  and  Polder, 
it  may  be  seen  that  it  equals  about  0.5  when  the  separation  is  one-fifth 
the  appropriate  wavelength  and  about  0.25  when  the  separation  is  one-half 
the  wavelength.  At  distances  near  or  greater  than  the  critical  wavelength, 
(f  thus  varies  as  lid''  for  two  interacting  spheres,  rather  than  as  Ijd^.  It 
is  interesting  that  the  importance  of  retardation  has  been  experimentally 
demonstrated  recently  by  Derjaguin  et  al.  (1956),  direct  measurements  of  the 
molecular  forces  between  solids  separated  by  narrow  gaps  (around  1000  A) 
following  the  Casimir-Polder  law  rather  than  the  London  law.  In  the 
usual  enzyme  interactions,  the  distances  are,  of  course,  small  enough 
so  that  retardation  is  probably  unimportant,  but  there  are  biological 
situations,  some  perhaps  connected  with  enzymes  and  the  control  of  their 
activity,  in  which  retardation  effects  might  be  significant.  The  technical 
advances  through  which  such  intermolecular  forces  can  be  measured  di- 
rectly make  it  likely  that  in  the  future  it  will  be  possible  to  determine 
dispersion  interactions  of  importance  to  enzymologists  and  place  the  theo- 
retical treatments  on  a  firmer  basis. 

Experimental  values  for  the  dispersion  energy  are  almost  confined  to 
situations  in  which  the  interacting  molecules  are  identical  and  little  accurate 
data  are  available  for  reactions  between  unlike  molecules.  For  the  latter 
one  may  use  the  expressions  given  above  or  recourse  may  be  made  to  re- 
lations between  the  interaction  constants  for  each  substance.  If  the  poten- 
tial energy  due  to  dispersion  forces  between  two  unlike  molecules  is  given  by : 

-D12 

cp  =  -  ^^  (6-45) 

the  constant  B^.^  can  be  related  to  B^^  and  B.o,  the  interaction  constants 
for  each  substance,  by  making  various  assumptions.  Equation  6-41  taken 
in  connection  with:  

B„  =    '"-'^f  ■'*''■'■  (6.46) 

4 

3a,'\/  Z,{hv,h  ,.  ..,, 

-D22  =  -. (6-47) 
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if  it  is  assumed  that  {Jn\)i  =  {Jn\)2,  which  from  Table  6-6  is  seen  to  be 
not  unreasonable  as  an  approximation,  leads  to: 

B,,  =\/  B,,B,,  (6-48) 

As  an  approximation,  therefore,  it  is  possible  to  evaluate  By^^  and  hence 
9?  from  the  interaction  constants  for  the  individual  molecules. 

The  expression  for  the  energy,  (p  —  —  Bjd^,  is  the  first  term  and  the 
most  important  one  in  a  series: 

B         B'        B" 

Values  for  B,  B',  and  B"  are  calculated  by  Margenau  (1939)  for  various 
molecules  and,  although  they  are  probably  too  low,  they  provide  an  esti- 
mate of  the  contribution  of  these  higher  terms.  For  most  molecules,  B' 
is  about  10%  of  B  and  B"  is  less  than  1%  of  B,  with  respect  to  the  contri- 
buted energy.  Thus  for  greater  accuracy,  the  energy  may  be  considered  to 
be  at  least  10%  greater  than  calculated  on  the  basis  of  the  first  — Bjd^  only. 
It  is  frequently  stated  that  these  dispersion  forces  are  nonspecific, 
and  they  are  in  the  sense  that  they  operate  between  all  molecules,  but  it 
should  be  recognized  that  some  specificity  can  be  manifested.  Since  dis- 
persion forces  result  from  the  interaction  of  fluctuating  dipoles,  the  spatial 
orientation  and  fundamental  oscillatory  frequencies  of  these  dipoles  in  the 
molecules  will  determine  the  attraction  to  some  extent.  It  is  likely  that 
identical  macromolecules  interact  more  strongly  than  unlike  macromole- 
cules  (Yos  et  cd.,  1957).  Some  directional  dependence  also  may  occur  due 
to  the  anisotropy  of  the  polarizability. 

Multipoles 

When  the  distribution  of  charged  regions  in  a  molecule  shows  a  higher 
symmetry  than  is  the  case  with  dipoles  and  yet  is  not  spherically  symmetri- 
cal, an  electrical  field  is  induced  around  the  molecule;  this  field  is  said  to 
arise  from  quadrupoles,  octupoles,  or  higher  multipoles.  One  simple  and 
probably  common  situation  occurs  when  two  dipoles  are  opposed: 

-f  -  -  + 


and  another  when  the  dipoles  are  oppositely  aligned  within  the  molecule: 


+ 
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Such  multipoles  cannot  be  determined  experimentally  but  our  knowledge 
of  molecular  structure  and  bond  moments  make  it  likely  that  they  occur 
frequently  and  play  a  subsidiary  role  in  intermolecular  interactions.  They 
are  no  longer  considered  to  be  the  explanation  of  attraction  between  neu- 
tral nondipolar  molecules;  rather  they  probably  contribute  to  a  minor  de- 
gree in  certain  cases  and  are  to  be  thought  of  in  addition  to  the  dispersion 
forces.  Whereas  the  field  strength  of  a  dipole  is  proportional  to  Ijd^,  that 
of  a  quadrupole  is  proportional  to  1/fZ^  and  that  of  an  octupole  to  l/d^. 
Thus  dipole-quadrupole  and  quadrupole-quadrupole  interactions  are  of 
significance  only  when  the  molecules  are  quite  close.  There  are  also  induced 
multipoles  and  the  B'  and  B"  terms  in  Eq.  6-49  are  due  to  such  effects. 
Even  in  interactions  between  hydrogen  atoms  the  contribution  of  quad- 
rupole terms  is  appreciable  in  the  total  dispersion  energy.  An  excellent 
discussion  of  quadrupoles  and  their  interactions  with  ions,  dipoles,  and 
other  quadrupoles  has  been  given  by  Buckingham  (1959).  The  quadrupole 
moments  of  some  simple  molecules  are  given  in  units  of  IQ-^e  esu:  Hg, 
0.63;  N2,  ±  1.5;  CO,  -  3;  H^O,  2;  NH3,  1;  and  C2H4,  ±  1. 

Short-Range    Repulsive    Interactions 

Having  discussed  the  various  attractive  forces  between  molecules,  it 
is  now  necessary  to  treat  the  repulsive  forces  that  maintain  a  separation 
between  atoms  and  molecules.  Repulsion  can,  of  course,  arise  from  ion-ion, 
ion-dipole,  and  dipole-dipole  interactions,  and  these  are  undoubtedly  of  im- 
portance in  certain  enzyme  reactions.  However,  the  purpose  of  the  present 
section  is  to  sketch  the  nature  of  the  general  nonspecific  repulsive  forces 
that  occur  whenever  atoms  or  molecules  come  into  contact.  When  nega- 
tively charged  clouds  of  electron  pairs,  such  as  surround  all  molecules,  begin 
to  interpenetrate,  repulsion  occurs.  It  has  not  yet  been  possible  to  treat 
this  problem  in  a  satisfactory  manner  theoretically  but  the  repulsion  con- 
stants can  often  be  evaluated.  It  will  be  satisfactory  for  our  purpose  to 
represent  the  energy  of  repulsion  as  9?  =  A/d'^.  We  may  thus  write  for  the 
total  potential  energy  of  a  pair  of  interacting  structures: 

V total   =   Trevulsion   +   Tattraction   =  ^jd"    -  Bid"  (6-50) 

when  one  type  of  attractive  force  is  dominant;  A  and  B  are  constants  rep- 
resenting the  magnitudes  of  repulsion  and  attraction  energies  and  a  and 
b  indicate  the  dependence  on  the  distance  of  separation.  The  exponent  a 
is  usually  high  (often  between  9  and  15)  and  is  difficult  to  evaluate  accu- 
rately; it  also  varies  with  the  electronic  nature  of  the  atoms  and  molecules 
involved.  The  product  ab  and  the  sum  a  +  b  can  be  approximated  by  var- 
ious experimental  procedures  (Moelwyn-Hughes,  1957,  p.  314);  usually 
one  knows  fairly  accurately  the  value  of  b,  and  hence  a  can  be  derived. 
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However,  the  variation  in  results  between  the  different  methods  and  the 
variation  between  substances  in  a  particular  method  make  it  impossible 
to  assign  a  reliable  value  to  a  in  a  specified  case.  For  groups  and  molecules 
of  the  type  here  of  interest,  we  shall  arbitrarily  assume  a  =  12;  this  value 
is  indicated  by  data  from  compressibility  and  heat  of  vaporization  but  it 
should  be  considered  only  as  a  reasonable  approximation. 

The  importance  of  the  repulsion  constants  for  our  purpose  is  in  the 
determination  of  the  equilibrium  distances  and  energies  of  interacting 
molecules.  The  interaction  energy  of  the  greatest  significance  is  that  at 
the  separation  distance  corresponding  to  the  stable  configuration,  i.e., 
where  attractive  and  repulsive  forces  are  equal.  This  is  illustrated  on 
the  energy-distance  curve  in  Fig.  6-6:  the  equilibrium  energy  (p^  is  the 
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Fig.  6-6.  Energy  curve  for  a  generalized  interaction  involving 
attraction  and  short-range  repulsion.  The  dotted  curve  repre- 
sents the  energy  from  the  attraction  alone,  (p^  is  the  energy  of 
interaction  at  the  equilibrium  distance   d^. 
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minimum  energy  of  interaction  and  this  occurs  at  the  equilibrium  distance 
dg.  The  equilibrium  values  may  be   obtained  from   Eq.   6-50  by  setting 

d,  =  [aAlbBy'^-"^  (6-51) 


B 

u 


1-A 

a 


(6-52) 


Repulsion   Correction    Factors  for  the   Interaction    Energy 

In  Fig.  6-6  it  may  be  seen  that  the  equilibrium  interaction  energy  is 
not  that  which  would  be  calculated  from  the  attraction  equations  previously 
given  in  this  chapter;  the  value  so  calculated  is  indicated  by  (pi,.  The  re- 
lation between  cp^  and  9"j  may  be  given  by: 


r(Pi, 


(6-53) 


where  r  may  be  termed  the  correction  factor  by  which  the  calculated  energy 
must  be  multiplied  to  give  the  equilibrium  energy.  Since: 


n-  -  Bid 
the  correction  factor  is  given  by: 


(6-54) 


(6-55) 


The  values  for  r  assuming  that  a  =  12  are  given  in  Table  6-7  for  the  types 
of  interaction  previously  discussed;  the  corrected  energy  equations  are 
also  presented  for  convenience  in  reference. 

These  correction  factors  are  applicable  only  to  equilibrium  distances. 
At  greater  distances  the  necessary  correction  decreases  rapidly.  We  shall, 
however,  be  mainly  concerned  with  (f^  and  for  estimating  this  interaction 
energy  the  equations  in  Table  6-7  will  be  used.  Despite  the  admittedly 
approximate  nature  of  these  equations,  they  may  be  useful  as  a  basis  for 
more  accurate  formulations. 

When  two  types  of  attraction  must  be  considered: 


B 

If 


and  the  equilibrium  energy  is  given  by: 


B 

1} 


(6  70) 


(6-71) 


Thus  (p^  may  be  obtained  from  the  attraction  energy  cp^^  by  multiplying 
each  of  the  terms  by  the  respective  correction  factor  given  in  Table  6-7. 
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Table  6-7 
Correction  Factors  and  Corrected  Energy  Equations  " 


Interaction 

r 

Corrected  equation 

Equation 
corrected 

Present 
number 

lon-ion 

0.92 

^e  ==  305  -1-^ 

6-5 

6-56 

lon-dipole 

0.83 
0.67 

2/< 

09,  =  57.4 cos  0 

d:~D 

cp,=  -  1804 ^- 

6-12 
6-13 

6-57 

6-58 

Dipole-dipole 

0.75 
0.50 

QJ.  =    —   10.8  A 

de^D 

w,-       175.4    '"'' 

6-18 
6-21 

6-59 
6-60 

Ion-induced 
dipole 

0.67 
0.67 

1 1 ,      «"^' 

(Pe  =    —  111    

RoZ^ 
rr                  Ai   ] 

6-25 
6-28 

6-61 
6  6'^ 

^'"         ^^-^    d,^D^~ 

DiiJole- induced 
dipole 

0.50 
0.50 

^.-       7.2.4    ^"'^^ 

(p,  -       2.85  A       "' 
d/D^ 

6-31 
6-32 

6-63 
6-64 

Dispersion 

0.50 
0.50 

0.50 
0.50 
0.50 

„    _        0  75  ^'""^        ^^^^ 

6-36 

6-37 
6-38 
6-42 
6-43 

6  65 

rf/       h  +  h 
<r    -        0  118  ^'^'        ^'^' 

d/       I,  +  h 

R.Rn 

„    _   _     iq  0 

6-66 
6  67 

cp,              IJ.O     ^^^ 

?>,--ii9  VT""^"^ 

/ R<Ra 

cp,=  -  18.7  v/  Z  -^ 

de" 

6-68 
6-69 

"  The  interaction  energy  is  given  in  kcal/mole  when  /i  is  in  debyes,  a  is  in  units 
of  10-24  ml/molecule,  R  is  in  ml/mole,  /  is  in  kcal/mole,  and  d  is  in  A. 
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Equilibrium  Distances  between  Molecules 

It  is  at  present  impossible  to  determine  the  equilibrium  distances  be- 
tween interacting  molecules  in  solution.  However,  sufficient  data  from 
diffraction  studies  in  solids  are  available  to  estimate  distances  of  separation 
of  molecules  held  together  by  only  van  der  Waals'  forces.  One  may  de- 
fine van  der  Waals'  forces  as  including  all  the  forces  responsible  for  the 
constant  a  in  van  der  Waals'  equation.  These  would  comprise  dipole-dipole, 
dipole-induced  dipole,  and  dispersion  interactions;  when  the  molecules  do 
not  possess  permanent  dipoles,  only  dispersion  forces  are  involved.  Van 
der  Waals'  radii  of  atoms  or  molecules  are  half  the  distance  separating  two 
identical  atoms  or  molecules  at  equilibrium  in  the  solid  state.  Table  6-8 
presents  both  van  der  Waals'  and  covalent  radii  for  important  atoms.  Since 

Table  6-8 

COVALEXT  AXD  VAN  DER  WaALS'  RaDII  OF  AtOMS  " 


Covalent  radius 

Atom 

Single  bond 

(A) 

Double  bond 

(A) 

(A) 

H 

0.30 



1.2 

C 

0.77 

0.67 

1.57 

N 

0.70 

0.61 

1.5 

0 

0.66 

0.57 

1.4 

s 

1.04 

0.95 

1.85 

p 

1.10 

1.00 

1.9 

As 

1.21 

1.11 

2.0 

F 

0.64 

0.55 

1.35 

CI 

0.99 

0.90 

1.80 

Br 

1.14 

1.05 

1.95 

I 

1.33 

1.25 

2.15 

"  The  van  der  Waals'  radius  for  the  carbon  atom  has  been  estimated  on  the  basis 
that  van  der  Waals'  radii  are  approximately  0.8  A  greater  than  the  single  bond  co- 
valent radii  for  most  atoms.  The  values  for  the  van  der  Waals'  radii  are  to  be  taken 
as  approximate  and  appreciable  variation  may  occur  in  different  combinations  of 
the  atoms. 


van  der  Waals'  radii  have  been  used  to  determine  the  interaction  distance  of 
molecules  forming  complexes  in  solution,  it  is  necessary  to  enquire  into 
the  reliability  of  such  a  procedure.  In  the  first  place,  the  reasonable  as- 
sumption has  been  made  that  van  der  Waals'  radii  are  additive  when  dif- 
ferent atoms  interact;  however,  the  accuracy  of  this  has  never  been  experi- 
mentally assessed.  Secondly,  there  is  little  assurance  that  the  internuclear 
distances  occurring  when  two  molecules  interact  in  solution  are  the 
same  as  in  a  compact  lattice  structure;  it  might  be  anticipated  that  the 
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interaction  distances  in  solution  would  be  somewhat  greater.  Lastly,  in 
interactions  of  molecules  with  proteins,  it  is  likely  that  all  of  the  groups 
are  not  able  to  come  into  close  contact,  due  to  other  types  of  forces  or 
steric  factors;  parts  of  the  molecule  would  thus  be  at  greater  distances 
from  the  protein  groups  than  predicted  on  the  basis  of  equilibrium  dis- 
tances and  would  contribute  less  than  expected  to  the  interaction  energy. 
The  van  der  Waals'  radii  should  probably  be  taken  as  the  values  for  the 
closest  approach  of  atoms  assuming  the  attractive  forces  here  considered. 
Approximate  van  der  Waals'  radii  for  some  important  groups  are  given  in 
Table  6-9.  It  is  evident  that  these  radii  are  not  spherically  symmetrical  and 
that  the  radius  used  must  depend  on  the  assumed  configuration  of  the 
interacting  molecules  (Fig.   6-7). 


Table  6-9 

Van   der   Waals'   Radii  of  Groups   and   Molecules  "^ 


Group 

Vand  der  Waals'  radius 

(A) 

Remarks 

-OH 

1.40 

From 

0, 

head-on 

2.16 

From 

0, 

along  0  —  H 

-SH 

1.85 

From 

s, 

head-on 

2.54 

From 

s, 

along  S  — H 

-CH3 

1.57 

From 

c, 

head-on 

2.27 

From 

c, 

along  C  — H 

-NHs 

1 .  50 

From 

N, 

head—   and  side-on 

2 .  20 

From 

N, 

along  N  — H 

-NH3  + 

1.70 

From 

N, 

head-on 

1.98 

From 

N, 

side-on 

2.20 

From 

N, 

along  N  — H 

-COO" 

1.40 

From 

0 

2.15 

From 

c, 

head-on 

2.36 

From 

c, 

along  C  — 0 

-N(CH3)3+ 

3.17 

From 

N, 

head-on 

3.74 

From 

N, 

along  N  — CH3 

-CH2- 

2.10x2.23 

Half-thicknesses 

Benzene 

1.85 

Half-thickness 

Water 

1.40 

From 

0, 

closest  approach 

2.16 

From 

0, 

along  0  — H 

"  These  radii  are  estimated  from  the  atomic  van  der  Waals'  radii  in  Table  6-8  and 
the  group  configurations  shown  in  Fig.  6-7.  They  should  be  considered  as  minimal  val- 
ues and  the  interaction  distances  calculated  from  them  must  be  taken  as  the  measure 
of  closest  approach,  the  actual  interaction  distances,  for  various  reasons,  often  being 
greater.  The  designation  "  head-on  "  refers  to  a  direction  directly  opposite  to  that  of 
the  bond  between  the  group  and  the  rest  of  the  molecule;  "  side-on  "  refers  to 
the  distance  of  closest  approach  from  the  side  of  the  group;  "  along  X-Y  "  refers  to 
the  direction  of  the  bond  indicated. 


C-OH 


C-SH 


H,0 


C-CH, 


c-coo 


c-nh: 


CiCHtCH,CH,-C- 


-CK,CH-,- 


H^CH^- 


FiG.  6-7.  Scale  drawings  of  the  van  der  Waals'  contours  of  some  important  groups 
and  molecules  to  indicate  as  clearly  as  possible  in  two  dimensions  the  configurations 
that  must  be  considered  in  interactions.  The  dashed  circles  represent  the  covalent 

radii  of  the  atoms. 
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The  interactions  between  four  types  of  nonpolar  molecules  are  shown 
in  Fig.  6-8  and  Table  6-10;  the  data  and  constants  from  which  these  curves 
were  calculated  are  given  in  Tables  6-11,  6-12,  and  6-13.  These  molecules 
have  equilibrium  interaction  distances  that  are  very  similar  and  yet  the 
potential  energies  at  these  equilibrium  distances  are  quite  different,  show- 
ing a  twenty-four  fold  range  from  Hg  to  CO2.  This  demonstrates  the  de- 


7.5  A 


Fig.  6-8.  Energy  curves  for  the  interactions  between  four  types  of 
nonpolar  molecules,  cp  is  in  kcal/mole.  See  Tables  6-10  and  6-11. 


pendence  of  the  interaction  energy  on  the  number  of  polarizable  electrons 
involved.  It  may  be  observed  that  the  repulsion  forces  increase  rapidly 
below  the  equilibrium  distance;  in  each  case  the  interaction  energy  is  zero 
when  the  molecules  are  around  0.4  A  closer  than  the  equilibrium  distance. 
The  appreciable  amount  of  energy  resulting  from  dispersion  interactions 
may   also  be  remarked. 
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Table  6-10 
Variation  of  Potential  Energy  with  Distance  between  Molecules 


Distance  (d) 

Interaction  energy  ° 

(A) 

H, 

N. 

COa 

CH, 

2.0 

103 

1299 

3860 

4445 

2.5 

6.42 

82.9 

244 

288 

3.0 

0.504 

1.95 

21.0 

26.6 

3.5 

0.002 

0.44 

0.97 

2.20 

4.0 

-0.0312 

-0.205 

-0.75 

-0.375 

4.5 

-0.0219 

-0.183 

-0.612 

-0.472 

5.0 

-0.0132 

-0.117 

-0.383 

-0.313 

5.5 

-0.0070 

-0.0714 

-0.233 

-0.196 

6.0 

-0.0048 

-0.044 

-0.144 

-0.121 

7.0 

-0.0020 

—0.0184 

-0.0.59 

-0.050 

"  The  interaction  energy  is  given  in  kcal/mole  and  was  calculated  from  the  following 
equations: 

4.39x108  2.347x102 

Hj:  (p  = 


N^:  (p  = 

CO^:         (p  = 
CH,:         99  = 


cZi2  d^ 

5.46  Xl0«  2.174x103 


1.625x10'  7.042  xlO^* 


1.86x10'  6.077x103 


d^' 


d" 


Table  6-11 
Energy  Constants  for  Xonpolar  Molecules  " 


From  lattice 

constants 

Calculated 

(A) 

(kcal/mole) 

Molecule 

A 

{kcal-Ai2) 

4.39x105 

B 

(kcal-A«) 

234.7 

A 

(kcal-Ai2) 

B 

(kcal-A«) 

H, 

4.06  xlO^ 

217.1 

3.94 

-0.0314 

X, 

5.46  xl0« 

2174 

5.72  Xl0« 

2278 

4.14 

-0.216 

CH, 

1.86x10' 

6077 

1.51x10' 

4923 

4.28 

-0.495 

CO2 

1.63x10' 

7042 

1.48x10' 

6402 

4.08 

-0.763 

"  The  values  of  A  and  B  obtained  from  diffraction  data  are  given  in  the  first  two 
columns  and  are  used  for  the  calculation  of  the  total  interaction  energy  q}g.  The  cal- 
culated values  for  A  and  B  were  obtained  from  Eq.  6-42  and  the  relationship  A  = 
Bdg^/2  when  a  =  12  and  b  =  6  and  are  shown  to  illustrate  the  accuracy  of  the  approx- 
imate ecjuation. 


238 


6.    INTERACTIONS    OF    INHIBITORS    WITH    ENZYMES 


Table  6-12 
CovALENT  Bond  Lengths  " 


Bond 

Length  (A) 
1.54 

Bond 

Length  (A) 

c-c 

C  — I       (aromatic) 

2.03 

c-c 

(butadiene) 

1.47 

C-Hg 

2.07 

c-c 

(benzene) 

1.39 

C-As 

1.94 

c=c 

1.35 

c=c 

1.20 

N-N 

1.46 

C-H 

1.09 

N-H 

1.01 

C-N 

1.47 

N-0 

1.21 

C=N 

1.28 

N-0 

1.16 

C=N 

1.15 

C-0 

(aliphatic) 

1.42 

0-0 

1.32 

C-0 

(carboxyl) 

1.32 

0=^0     (oxygen) 

1.21 

C-0 

(aromatic) 

1.36 

0-H 

0.96 

C-0 

(urea) 

1.26 

0-P     (bridge) 

1.64 

c=o 

1.22 

0-P     (apical) 

1.39 

c=o 

(quinone) 

1.16 

0— As   (bridge) 

1.79 

c-s 

1.81 

0— As   (apical) 

1.52 

c=s 

1.55 

0-B 

1.38 

C-B 

1.56 

C-F 

(aliphatic) 

1.36 

S-S 

2.05 

C-F 

(aromatic) 

1.31 

S-H 

1.34 

C-Cl 

(aliphatic) 

1.76 

S  =  0 

1.43 

C-Cl 

(aromatic) 

1.71 

C-Br 

(aliphatic) 

1.93 

B— H 

1.20 

C-Br 

(aromatic) 

1.87 

Hg-Cl 

2.26 

C-I 

(aliphatic) 

2.13 

"  These  values  have  been  selected  from  several  sources,  mainly  by  averaging  the 
bond  lengths  of  appropriate  compounds  in  the  table  in  VVheland  (1955,  p.  696).  There 
is  a  variation  of  0.03-0.10  A  for  most  bonds  depending  on  the  compound  of  which  they 
are  a  part. 

The  actual  distance  between  interacting  molecules  is  not  d^  because  the 
molecules  possess  kinetic  energy.  The  average  kinetic  energy  of  harmonic 
oscillation  is  RT  (0.617  kcal/mole  at  37. 5°)  and  thus  at  equilibrium  the  total 
energy  of  the  interacting  molecules  is  (p^  -\-  RT,  represented  by  the  line 
d^do  in  Fig.  6-9.  The  molecules,  due  to  this  thermal  kinetic  energy,  will 
oscillate  between  d^  and  f/j-  Since  this  oscillation  is  asymmetric,  the  mean 
time-averaged  distance  between  the  molecides  will  he  some  value  such  as 
f/o,  greater  than  d^. 

The  kinetic  energy  RT  is,  of  course,  the  average  energy  and  the  distri- 
bution of  energy  is  expressed  by  the  Maxwell-Boltzmann  law.  Thus  indi- 
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vidual  pairs  of  interacting  molecules  may  have  widely  different  kinetic 
energies;  a  certain  fraction  will  possess  kinetic  energy  greater  than  cp^ 
and  the  molecules  will  not  be  associated.  The  average  energy  of  interaction, 
or  the  decrease  in  energy  involved  in  bringing  the  molecules  from  infinite 
distance  apart  to  their  equilibrium  separation,  will  however  be  (p^  since  the 
total  kinetic  energy  does  not  change.  The  average  equilibrium  distance 
between  the  molecules,  d^,  will  differ  from  d^  by  an  amount  dependent  on 


Fig.  6-9.  Generalized  energy  curve  to  illustrate  the  mean  time- 
averaged  distance  between  interacting  groups  due  to  thermal 
kinetic  energy.  For  the  interaction  between  an  ion  and  a  dipole 
obeving  the  equation: 

(p  =  lOVc^i'  —  57.4/^2 

the  distances  may  be  calculated  to  be:  d-^  =  3.63  A,  d^  =  4.00  A, 
do  =  4.43  A,  da  =  4.82  A,  and  d^  —  d^  =  1.19  A. 
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the  relative  values  of  a  and  h  (Eq.  6-50)  and  the  potential  energy  cp^.  An 
empirical  approximation  of  this  difference  is: 


d,=d,  +  (0.5/V  Ve  -  l) 


(6-72) 


based  on  the  relative  velocities  of  oscillatory  movement  at  different  points 
on  the  path  d-^d^^,.  In  general,  d^  —  d^  will  be  between  0.2-0.4  A  for  most 
interactions  of  interest  in  enzymology. 


Table  6-13 
Bond  Axgles 


Bonds 

Angle 

Bonds 

Angle 

H-C-H 

(aliphatic) 

110.4° 

0-C  =  0 

(carboxyl) 

122.4° 

H-O-H 

(water) 

104.5° 

0-c-o- 

(carboxylate) 

125.8° 

c-c-c 

(aliphatic) 

111.7° 

0-C-O 

(esters) 

116.4° 

H-O-C 

(alcohols) 

104.7° 

N-N=N 

180° 

0-C-C 

(alcohols) 

110.0° 

C-C=N 

180° 

H-S-C 

(mercaptals) 

100.3° 

N-C  =  0 

123° 

S-C-C 

(mercaptals) 

113.0° 

0-X-O 

(nitro) 

124.4° 

c-o-c 

(ethers) 

109.5° 

C-Hg-Cl 

180° 

H-C-0 

(aldehydes) 

119.3° 

C-As-Cl 

100° 

c-c=o 

(ketones) 

122.7° 

As-C-C 

122° 

0- 


R. 


118^    Nl 
1110  \      ^'      i- 


T     CH 
jiooV^     ynQo 


Amino  acids 


1180 
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0- 


Another  approach  to  this  problem  is  to  assume  that  a  molecule  creates 
a  cavity,  due  to  the  internal  pressure  arising  from  its  thermal  motion,  the 
radius  of  this  cavity  being  greater  than  the  molecular  radius.  Equating 
this  outward  pressure  with  the  electrical  pressure,  which  is  related  to  the 
energy  of  charging  of  an  ion  in  the  cavity  and  is  directed  inward,  the  cav- 
ity radii  for  ions  in  water  have  been  estimated  (Benson  et  al.,  1957). 
Figure  6-10  presents  the  relation  betv.'een  ion  size  and  cavity  size;  for  most 
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common  ions  the  cavity  radius  is  about  30-35%  greater  than  the  ionic  ra- 
dius. The  accepted  values  of  ionic  radii  and  van  der  Waals'  radii,  determined 
by  diffraction  studies,  include  this  thermal  increase  in  interaction  distance; 
thus  the  true  radii  are  somewhat  smaller.  However,  the  cavity  size  in  the 
solid  state  may  not  be  the  same  as  in  the  liquid  state  or  in  solution. 


Fig.  6-10.  Relationship  between  the  thermal  cavity  size 
and  the  ionic  size  in  water. 


Orientation  Factors  in  Repulsion  Forces 

The  orientation  of  groups  or  molecules  relative  to  one  another  is  an  im- 
portant factor  in  determining  the  magnitude  of  the  repulsion  energy, 
just  as  it  is  a  factor  to  be  considered  in  evaluating  the  attraction  energy. 
For  example,  we  have  seen  that  two  dipoles  will  attract  one  another  with 
forces  dependent  on  their  relative  orientations;  likewise  the  repulsion  wiU 
vary  with  the  orientation.  Hence  the  equilibrium  energy  q)^  and  distance  dg 
will  depend  on  orientation.  The  importance  of  this  factor  is  indicated  in 
the  results  of  Mason  and  Hirschfelder  (1957)  for  the  interaction  of  hydrogen 
molecules  (Table  6-14),  where  it  is  seen  that  the  repulsion  energy  is  more 
sensitive  than  the  attraction  (dispersion)  energy  to  orientation.  Although 
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more  complex  situations  have  not  been  treated,  it  is  obvious  that  repulsion 
forces  will  play  a  large  role  in  the  orientation  of  two  interacting  molecules 
in  the  position  of  maximal  stability. 

Table  6-14 
Effect  of  Orientation  on  Interaction  Energy  in  H,  " 


Configuration 

Distance  =  2.27  A 

Distance  =  3.18  A 

de 

<Pa 

<Pb 

ft 

<Pa 

fb 

ft 

fe 

• • 

• • 

13.54 

-2.04 

11.50 

0.417 

-0.230 

0.187 

3.86 

-0.035 

• • 

a 

a 

6.64 

-1.87 

4.77 

0.222 

-0.211 

0.011 

3.58 

-0.057 

I 

3.68 

-1.63 

2.05 

0.143 

-0.175 

-0.032 

3.40 

-0.050 

• 

(  » 

(  » 

./• 

3.43 

-1.61 

1.82 

0.131 

-0.172 

-0.041 

3.38 

-0.054 

"  Data  from  Mason  and  Hirschfelder  (1957).  The  values  of  d^  and  (p^  were  calculated 
from  energy-distance  curves.  The  treatment  was  based  on  the  consideration  of  inter- 
acting and  overlapping  orbitals  and  the  evaluation  of  the  various  exchange  integrals 
was  involved.  It  is  an  elegant,  but  laborious,  method  that  at  present  cannot  be  ap- 
plied to   more   complex   interactions. 


RELATIVE  CONTRIBUTIONS  OF  DIFFERENT   INTERACTION 

FORCES 

Interactions  between  groups  or  molecules  usually  involve  more  than  a 
single  attractive  force  and  occasionally  more  than  one  repulsive  force.  It 
is  now  necessary  to  consider  in  general  terms  contributions  made  by  differ- 
ent attractive  forces  to  the  total  equilibrium  potential  energy.  In  calcu- 
lating either  interaction  energies  or  equilibrium  distances  from  experi- 
mentally determined  energies,  it  is  necessary  to  take  into  account  all  the 
forms  of  attraction  that  contribute  significantly.  The  contributions  will 
depend  on  the  distance  between  the  interacting  groups  or  molecules  because 
the  respective  potential  energies  vary  with  different  powers  of  the  distance. 
This  is  illustrated  in  Table  6-15  where  the  relative  contributions  are  cal- 
culated for  two  distances  of  separation.  There  is  no  change  for  the  dipole- 
dipole  interaction  because  all  energy  terms  involved  contain  lld^;  however, 
for  the  other  three  examples  it  may  be  observed  that  one  energy  term  is 
more  likely  to  be  dominant  at  greater  distances.  Dispersion  energies  par- 
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ticularly  become  relatively  unimportant  at  distances  greater  than  5  A, 
when  other  forces  are  operative  and  the  surfaces  of  interaction  are  not 
extensive.  At  the  usual  distances  of  separation  at  equilibrium,  dispersion 
forces  generally  contribute  significantly.  It  is  also  instructive  to  compare 
the  magnitudes  of  the  total  potential  energy  for  the  four  different  interac- 
tions and  the  way  in  which  they  each  vary  with  distance.  However,  it 
should  be  noted  that  these  relations  are  changed  somewhat  when  interaction 
in  a  dielectric  occurs  (see  page  248). 

In  dipole-dipole  interactions,  the  relative  contributions  of  induction  and 
dispersion  forces  will  depend  on  the  magnitude  of  the  dipole  moment  and 
the  polarizability.  Table  6-16  gives  the  estimated  contributions  for  several 

Table  6-16 
Interaction  Energy  Contributions  for  Dipolar  Molecules  " 


%  Contribution 

Molecule 

Dipole 
moment 

Dipole-dipole 
(alignment) 

Dipole-induced 
dipole 

Dispersion 

CO 

0.12 

0.005 

0.085 

99.91 

HI 

0.38 

0.09 

0.43 

99.48 

HBr 

0.78 

3.33 

2.18 

94.49 

HCl 

1.03 

14.4 

4.2 

81.4 

NH3 

1.50 

44.9 

5.3 

49.8 

CH3OH 

1.62 

63.4 

14.4 

22.2 

CaH^OH 

1.66 

55.0 

12.6 

.32.4 

H2O 

1.83 

77.0 

4.0 

19.0 

"  Calculated  from   Margenau   (1939)  and  Syrkin  and  Dyatkina   (1950,   p.  266). 


types  of  molecule.  The  contribution  from  alignment  of  dipoles  increases 
with  the  dipole  moment,  as  does  the  induction  effect,  but  the  dispersion 
contribution  becomes  relatively  less  although  it  may  be  in  absolute  magni- 
tude somewhat  greater.  For  nonpolar  molecules  the  dispersion  energy  may 
be  small  but  it  is  always  the  sole  contribution  to  the  total  potential  energy. 
The  greater  dispersion  contribution  in  ethanol  compared  with  methanol 
is  due,  of  course,  to  the  greater  i^olarizability  of  the  former,  i.e.,  the  in- 
crease in  the  nonpolar  part  of  the  molecule. 

A  great  deal  of  theoretical  and  experimental  material  ap])licable  to 
enzyme  interactions  may  be  found  in  the  literature  of  colloid  chemistry 
and  heterogeneous  catalysis.  One  of  the  clearest  and  most  comprehensive 
reviews  of  intermolecular  forces  is  that  of  de  Boer  (1950).  He  considers 
particularly  interactions  of  molecules  with  ionic  or  higly  polarizable  sur- 
faces and  estimates  the  contibutions  of  the  various  forces  involved.  Enzyme 
surfaces  may  be  occasionally  rather  diffuse  ionic  surfaces  because  of  the 
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many  ionic  groups  distributed  over  the  molecule  and  thus  such  conside- 
rations are  not  as  irrelevant  as  might  appear  at  first  glance.  The  induction 
of  the  adsorbed  molecule  is  shown  to  be  an  important  contribution  in  in- 
teractions with  an  ionic  surface  and  the  same  probably  holds  for  many 
molecules  bound  to  enzymes. 

The  importance  of  dispersion  energies  in  ion-ion  interactions  is  evident 
in  the  binding  of  the  —  N(CH3)3"^  to  the  active  site  on  acetylcholinesterase. 
Although  an  important  contribution  is  made  by  the  interaction  of  this  cat- 
ionic  group  with  an  anionic  group  on  the  protein,  the  contribution  of  the 
methyl  groups  is  indicated  by  the  decrease  in  binding  energy  as  the  methyl 
groups  are  removed  from  the  nitrogen  atom.  Cations  such  as  K"^,  Na"^, 
or  NH4"^  also  do  not  interact  with  the  enzyme  anionic  site  as  readily  as 
the  —N( 0113)3^  group,  whereas  on  the  basis  of  purely  coulombic  interaction 
one  might  expect  the  smaller  cations  to  be  bound  more  tightly  due  to 
their  smaller  radius.  Hydration  of  these  ionic  groups  introduces  another 
factor  and  a  more  detailed  discussion  of  such  interactions  will  be  left  until 
the  role  of  the  solvent  is  considered. 

DIELECTRIC  CONSTANT 

The  ratio  of  the  force  between  two  charged  particles  in  a  vacuum  to  the 
force  between  them  when  they  are  immersed  in  some  medium  is  the  die- 
lectric constant  of  that  medium.  It  is  also  the  ratio  of  the  potential  energies 
in  a  vacuum  and  the  medium  (Eqs.  6-2  and  6-4).  Heretofore  interactions 
in  a  vacuum  have  been  assumed  and  it  is  now  necessary  to  consider  the  sit- 
uation when  the  interacting  molecules  are  dissolved  in  water.  The  decrease 
in  force  or  potential  energy  between  two  charges  when  placed  in  a  medium 
is  due  to  the  polarization  of  the  molecules  of  the  medium.  In  solvents  com- 
posed of  dipolar  molecules  the  most  important  factor  is  the  orientation  or 
alignment  of  the  solvent  molecules  in  the  electrical  field  of  the  charges. 
An  ion  or  charged  group  will  orient  the  water  molecules  around  it  and  this 
alters  the  electrical  field  due  to  the  charge.  The  bulk  dielectric  constant 
D  of  water  at  37.5''  is  74.1.  Charges  separated  by  large  distances  (above 
at  east  20  A)  will  have  their  potential  energy  reduced  by  this  factor.  How- 
ever, as  the  charges  approach  one  another,  the  effective  dielectric  constant 
decreases  until  it  reaches  a  low  value  when  the  charged  species  are  in  contact. 

The  dielectric  constant  for  water  varies  with  temperature  according  to 
the  equation: 

D  =  D,e-Tl0  (6-73) 

where  D^,  =  305.7  and  6  =  219  (Gurney,  1953).  Thus  D  =  87.9  at  Oo, 
78.2  at  250,  and  55.7  at  lOO".  In  this  book,  body  temperature  will  be  assumed 
in  the  formulation  but  when  experiments  are  performed  at  other  tempera- 
tures the   appropriate   correction  should  be  made. 
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One  of  the  most  important  and  most  difficult  problems  is  the  evaluation 
of  the  dielectric  constant  applicable  to  a  particular  separation  of  charges. 
A  reliable  estimation  of  intermolecular  forces,  particularly  those  involving 
ionic  groups,  can  be  made  only  with  an  accurate  assignment  of  the  dielectric 
constant.  At  the  present  time  this  is  impossible  but  an  approach  to  at 
least  reasonable  values  has  been  made. 

Variation  of  Dielectric  Constant  with   Distance 

The  dielectric  constant  of  the  medium  near  an  ion  may  be  estimated 
theoretically  by  assuming  certain  models  of  water  orientation  in  the  elec- 
trical field  of  the  ion  or  evaluated  indirectly  from  experimental  dissocia- 
tion constants  of  dicarboxylic  acids  (the  electrostatic  effect  of  one  car- 
boxylate  ion  on  the  pK^  of  the  other  acidic  group  being  dependent  on  the 
dielectric  constant).  Calculations  of  the  former  type  often  involve  the  as- 
sumption of  one  rigidly  oriented  layer  of  water  molecules  around  the  ion 
and  a  homogeneous  dielectric  outside  this.  Since  it  is  likely  that  there  are 
partially  oriented  water  molecules  beyond  the  first  bound  layer  and  since 
the  structure  of  the  hydrated  ion  is  not  certain,  it  is  felt  that  this  proce- 
dure is  not  satisfactory.  Figure  6-11  presents  the  variation  of  the  dielectric 
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Fig.  6-11.  Variation  of  the  dielectric  constant  with  the  distance  from  a  uni- 
valent ion  at  37.5°  as  calculated  by  different  methods.  Curve  (1)  from  Conway 
tt  al.  (1951),  curve  (2)  from  Schwarzenbach  (1936),  and  curve  (3)  from  Grahame 
(1950)  and  Ritson  and  Hasted  (1948). 
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constant  with  distance  from  a  univalent  ion  as  calculated  by  different 
methods.  Carve  (1)  shows  the  most  reasonable  values  as  determined  by 
Conway  et  al.  (1951)  from  several  previous  estimations.  This  curve  can  be 
quite  accurately  expressed  by  the  equation: 


D  =  U  -  7 


(6-74) 


for  distances  between  3-10  A  and  this  relationship  will  be  adopted  as  a 
basis  for  calculation  of  interaction  energies  between  ions.  Curve  (2)  shows 
the  familiar  Schwarzenbach  (1936)  variation  as  used  by  Pressman  et  al. 
(1946)  and  others;  this  is  a  plot  of  Z)  =  6fZ  —  11  corrected  to  37.5o.  Curve 
(3)  shows  typical  results  of  the  theoretical  procedure  (Ritson  and  Hasted, 
1948;  Grahame,  1950)  which  minimizes  the  effects  of  the  ion  field  on  the 
dielectric  constant  beyond  the  first  bound  layer  of  water. 

Several  points  in  connection  with  the  evaluation  of  D  may  be  brought 
up.  (rt)  For  interactions  involving  di-  and  trivalent  ions,  lower  values  of 
D  should  be  used  inasmuch  as  the  field  strength  of  such  ions  is  greater. 
Figure  6-12  shows  the  variation  of  D  with  field  strength,  curve  (1)  giving 
values  in  a  vacuum  and  curve  (2)  the  actual  values  in  the  dielectric.  As  an 
approximation,  D  should  be  reduced  by  10-15  for  divalent  ions  and  by 


Fig.  6-12.  Variation  of  the  dielectric  constant  with  the  electrical  field  strength, 
curve  (2)  giving  the  actual  values  in  the  dielectric  water. 
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20-25  for  trivalent  ions,  (b)  The  above  treatment  assumes  that  ions  are 
point  charges  and  takes  no  account  of  ionic  radii.  It  is  probable  that  the 
greater  the  ionic  size,  the  smaller  will  be  the  required  value  of  D.  There 
are  no  means  for  estimating  the  magnitude  of  this  correction  but  it  is  pro- 
bably small,  (c)  Most  treatments  assume  a  minimum  value  for  D  of  around 
3  at  very  small  distances.  This  is  based  on  the  dielectric  constants  of  solids 
at  low  temperatures  (ice,  3.1;  dodecane,  2.2;  hydrogen  sulfide,  3;  hydrogen 
chloride,  3.1;  octadecanol,  3;  monopalmitin,  2.4;  isobutyl  chloride,  2.8; 
etc.),  these  values  being  related  to  the  electronic  polarizabilities  since  the 
molecules  are  rigidly  fixed  and  orientation  polarization  does  not  occur.  How- 
ever, the  validity  of  this  assumption  may  be  questioned.  When  ions  are 
in  contact  (that  is,  with  no  water  molecules  between  them),  the  presence 
of  water  dipoles  oriented  around  the  ions  outside  the  area  of  contact  will 
reduce  the  interaction;  however,  if  the  ionic  groups  are  bonded  to  mole- 
cules it  may  be  that  water  is  excluded  from  direct  interaction  with  the  ions 
and  this  reduction  does  not  occur.  The  problem  of  hydration  will  be  con- 
sidered in  more  detail  in  the  next  section. 

Variation  of  Potential  Energy  with  Distance  in  Ion-Ion  Interactions 

Since  the  dielectric  constant  varies  with  interionic  distance,  the  po- 
tential energy  of  two  ions  will  no  longer  be  inversely  proportional  to  the 
distance  as  in  a  vacuum.  Combining  Eqs.  6-5  and  6-74  we  have: 

(p  =  332  — r-n ^r^    kcal/mole  (6-75) 

a(6a  —  7) 

Figure  6-13  is  an  energy-distance  diagram  for  the  interaction  of  two  uni- 
valent ions,  assuming  a  reasonable  repulsion  constant.  The  effect  of  the 
water  on  the  interaction  is  given  by  the  change  from  curve  B  to  curve  A; 
the  equilibrium  potential  energy  is  decreased  markedly  and  the  equilibrium 
distance  is  increased  by  almost  0.5  A.  The  energy  involved  in  displacement 
of  bound  water  was  ignored  in  the  calculation  of  these  curves. 

Dielectric  Constant  for  Different  Types  of  Interaction 

It  is  probable  that  the  estimations  of  D  given  above  apply  to  any  type 
of  interaction  involving  an  ion,  including  ion-dipole  and  ion-induced  dipole. 
The  dielectric  constant  does  not  enter  into  the  dispersion  energy  because 
the  oscillating  fields  are  both  small  and  of  such  a  high  frequency  that  no 
effect  on  the  solvent  molecules  would  be  expected.  A  problem,  however, 
arises  in  dipole-dipole  interactions.  The  electrical  field  around  a  dipole 
is  not  negligible.  A  dipole  of  moment  //  =  1.5  possesses  a  mean  electrical 
field  strength  in  a  vacuum  of  22  X  10^  volts/cm  at  3  A,  9.8  X  10^  volts/cm  at 
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4  A,  and  5.0  X  10^  volts/cm  at  5  A.  Using  curve  (1)  of  Fig.  6-12  it  is  seen 
that  beyond  5  A  distance  no  significant  effect  on  D  would  be  expected  but 
at  shorter  distances  from  the  dipole,  D  would  be  reduced.  It  is  likely  that 
in  most  enzyme  dipole-dipole  interactions  of  importance,  the  dipoles  are 
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Fig.  6-13.  Energy-distance  curves  for  the  interaction  of  two  uni- 
valent ions.  Curve  B  represents  the  interaction  in  a  vacuum  and 
curve  A  in  water.  The  repulsion  constant  (Eq.  6-50)  was  assumed 
to  be  J.  =  5  X  10'  kcal/A"^^.  9?  is  in  kcal/mole. 


quite  close  together  and  uninfluenced  by  water  molecules;  in  such  cases  it 
is  probably  legitimate  to  use  a  value  of  D  =  1.  If  two  dipoles  are  immersed 
in  water  and  are  several  A  apart,  the  potential  energy  is  negligible.  Amis 
(1953)  has  presented  experimental  evidence  that  the  dielectric  constant 
influences  the  rate  of  dipole-dipole  interactions. 
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HYDRATION  OF  IONS 

Ions  exist  in  aqueous  solution  surrounded  by  water  molecules  in  various 
degrees  of  orientation  and  restricted  movement.  Primary  hydratioyi  refers 
to  water  molecules  near  an  ion  which  have  lost  their  translational  degrees 
of  freedom  and  move  as  an  entity  with  the  ion  during  Brownian  movement; 
secondary  hydration  refers  to  those  water  molecules  not  included  in  the 
above  which  undergo  electrostatic  interaction  with  the  primarily  hydrated 
ion  sufficient  to  affect  certain  thermodynamic  quantities  (Bockris,  1949). 
Considerations  of  interactions  between  ions  or  ionic  groups  in  solution 
must  take  into  account  not  only  the  ions  but  the  water  molecules  asso- 
ciated with  them.  Let  us  consider  two  ions  of  opposite  charge  approaching 
one  another.  Below  a  certain  separation  distance,  water  molecules  inter- 
acting with  the  ions  must  be  displaced  from  the  region  between  the  ions 
and  when  the  ions  have  reached  their  equilibrium  position  an  appreciable 
amount  of  energy  may  have  been  expended  on  this  displacement.  If  the 
ions  come  to  rest  with  their  primary  water  layers  intact,  then  only  dis- 
placement of  secondary  hydration  has  occurred;  if  the  ions  approach  more 
closely,  water  molecules  in  the  primary  layers  must  also  be  displaced.  It 
is  difficult  to  determine  if  ions  in  solution  lose  their  primary  hydration 
layer  upon  interaction  and  it  may  well  be  that  the  minimum  distance  of 
approach  is  often  when  the  ions  are  separated  by  one  or  two  water  layers. 
The  water  molecules  that  are  displaced  associate  by  hydrogen  bonding 
(or  dipole-dipole  interaction)  with  other  water  molecules  and  the  energy 
involved  in  this  process  also  enters  into  the  total  interaction.  The  total 
potential  energy  of  two  interacting  ions  in  solution  is  thus: 

ft  =  <Pi-i  +  <Pi-w  +  <Pw-w  (6-76) 

where  9?,_j  is  the  potential  energy  resulting  from  the  interaction  of  the  two 
ions  (as  calculated  previously  and  including  induction  and  dispersion 
terms),  9?i_j^  is  the  energy  associated  with  the  displacement  of  water  from 
the  ion  and  (p^^,_^^,  is  the  energy  of  the  water-water  interaction.  For  ions  of 
opposite  charge,  (p,_^  and  99j„_^  will  be  negative  and  9?j_j^  will  be  positive. 
The  crystallization  of  a  salt  from  solution  involves  the  same  terms  but 
in  that  case  much  more  water  is  displaced  from  the  ions. 

The  molar  hydration  energy  is  the  change  in  energy  when  one  mole  of 
ions  in  the  gaseous  state  passes  into  an  infinitely  dilute  solution  (or  iV  times 
the  energy  involved  in  a  single  ion  being  transferred  from  the  gas  phase  to 
an  aqueous  phase).  Attending  this  process  there  are  large  decreases  in  heat 
content,  free  energy,  and  entropy;  these  values  and  the  primary  hydration 
numbers  are  given  in  Table  6-17.  The  relative  contributions  from  primary 
and  secondary  hydration  are  unknown  but  it  is  likely  that  well  over  95% 
of  the  hydration  energy  results  from  the  primary  water  layer.  The  energy 
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values  are  seen  to  correlate  with  ionic  charge  and  radius;  thus  they  may 
be  of  use  in  estimating  hydration  magnitudes  for  ionic  groups  of  biological 
importance.  Unfortunately,  little  is  known  experimentally  of  the  hydra- 
tion characteristics  of  groups  such  as  R— NHg"^,  E,  =  NHo^,  <p  —  0~,  and 
R— C00~  but  there  is  no  reason  to  expect  marked  deviation  from  the  inor- 
ganic ions,  except  for  the  steric  factors  introduced  by  the  part  of  the  mol- 
ecule to  which  the  ionic  group  is  bonded.  Taking  into  account  ionic  size 
and  steric  factor,  the  primary  hydration  numbers  for  R— NH./  and  R— COO" 
may  be  assumed  to  be  approximately  3. 

Table  6-17 
Ionic   RAon,   Primary   Hydration    Numbers,    and    Hydration   Energies   for 

Some  Common  Ions  " 


Ion 

-AF 

-AH 

-AS 

Ionic 
radius 

Primary 

hydration 

number 

H+ 

214 

223 

31.0 

5 

H3O+ 

73 

76 

10.6 

1.64 

4 

Li+ 

111 

121 

32.1 

0.76 

6 

Na+ 

87 

95 

26.3 

1.01 

6 

K+ 

70 

76 

17.7 

1.34 

6 

NH4+ 

66 

70 

14.9 

1.48 

4 

Cu++ 

473 

496 

75.0 

0.41 

12 

Zn++ 

462 

484 

74.2 

0.57 

12 

Mg++ 

432 

456 

77.1 

0.78 

12 

Ca++ 

352 

370 

58.4 

1.05 

10 

Ba++ 

291 

306 

48.4 

1.39 

8 

A1+++ 

888 

926 

126.8 

0.55 

24 

F~ 

113 

123 

31.8 

1.29 

5 

cr 

84 

89 

18.2 

1.81 

2 

Br" 

77 

81 

14.4 

1.97 

2 

I~ 

89 

72 

10.1 

2.23 

1 

OH" 

81 

91 

32.6 

1.33 

5 

"  The  experimentally  estimated  values  for  AH  and  J*S'  were  selected  from  Latimer 
et  al.  (1939),  Bockris  and  Conway  (1954),  and  Moelwyn- Hughes  (1957)  mainly; 
AF  was  calculated  from  these.  The  ionic  radii  were  taken  from  Moelwyn-Hughes 
(1957)  and  the  primary  hydration  number  estimated  from  values  obtained  by  different 
methods  in  Bockris  and  Conway  (1954).  There  is  a  good  deal  of  variation  in  all  these 
values  for  individual  ions  and  the  figures  in  the  table  must  be  taken  as  only  approxi- 
mate; the  attempt  has  been  made  to  present  the  most  reasonable  values  on  the  basis 
of  recent   data. 
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The  best  presentation  of  the  modern  concepts  of  ion-solvent  interactions 
is  to  be  found  in  the  symposium  published  in  the  Discussions  of  the  Fa- 
raday Society  in  1957  (No.  24).  The  work  of  Platzman  and  Franck  (1954), 
Brady  (1958)  and  George  (1959)  may  also  be  mentioned  as  particularly 
pertinent  to  the  problems  of  ionic  hydration  in  the  interactions  of  proteins 
with  inorganic  ions  and  small  molecules. 

Calculation  of  Hydration  Energy  from  Interaction  Energies 

It  is  interesting  to  calculate  the  hydration  energy  of  an  ion  on  the  basis 
of  the  interaction  equations  proposed  in  order  to  illustrate  the  complexi- 
ties of  such  systems  and  to  obtain  a  rough  estimation  of  the  relative  con- 
tributions of  the  various  types  of  interaction.  We  shall  consider  the  po- 
tential energy  of  an  ion  surrounded  by  its  primary  hydration  layer;  the 
specific  calculations  will  refer  to  the  K"^  ion  for  which  a  primary  hydration 
number  of  six  is  assumed.  There  are  the  following  contributions  to  the  total 
potential  energy. 

lon-dipole  interaction: 


57.4 


nZi/-i,„ 


cos  Q 


—  63.1  kcal/mole 


Ion-induced  dipole  interaction: 


Ve 


111 


d^ 


13.8  kcal/mole 


Dispersion   (ion- water  and  water- water): 


6.03  kcal/mole 


Dipole-dipole  interaction  (water- water): 


=  +  14.4 


«/', 


2V2c?. 


+  4.24  kcal/mole 


Total  interaction  energy: 


78.69  kcal/mole 


The  primary  hydration  number  n  =  6,  z^  =  \,  //„,  =  1.83  debyes,  a^  = 
0.87,  a^  =  1.44,  Z  =  8,  0  =  Oo,  and  d,  =  2.891  A.  The  value  of  d,  was 
obtained  by  summing  the  ionic  radius  of  K+  and  the  van  der  Waals'  ra- 
dius of  water;  f/g  is  the  distance  of  the  water  dipole  center  from  the  mole- 
cular center  (0.274  A).   Two  further  energy  terms  must  be  included  to 
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calculate  the  hydration  energy:  the  interaction  energy  of  the  ion  with  water 
molecules  outside  the  primary  layer  and  the  energy  required  to  disrupt 
the  water  structure  —  these  are  difficult  to  estimate  accurately.  From 
the  expression  derived  by  Moelwyn-Hughes  (1949),  assigning  D  =  3,  the 
interaction  of  the  ion  with  water  molecules  outside  the  primary  layer  re- 
sults in  a  potential  energy  of  —  5.6  kcal/mole;  using  Eq.  6-58  and  assuming 
interaction  with  ten  water  molecules  outside  the  primary  layer  results 
in  —  7.0  kcal/mole.  If  it  is  assumed  that  the  six  water  molecules  in  the 
primary  layer  have  each  lost  one  of  their  interactions  with  neighboring 
water  molecules,  the  energy  required  would  be  +  13.3  kcal/mole.  Thus 
approximately  +  7.0  kcal/mole  must  be  added  to  the  sum  obtained  from 
individual  interactions,  giving  —  71.7  kcal/mole  for  the  over-all  potential 
energy.  If  this  can  be  equated  with  the  experimental  hydration  energy 
of  —  75.8  kcal/mole,  it  may  be  concluded  that  this  treatment  has  led  to 
at  least  the  right  magnitude  and  indicates  the  relative  importance  of 
the  different  interactions.  Moelwyn-Hughes  (1949)  has  calculated  hydra- 
tion energies  of  several  ions  by  a  similar  method,  neglecting  dispersion 
energy  and  disruption  of  water  structure  and  assuming  that  the  repulsion 
energy  varies  with  d^~^,  and  has  arrived  at  values  close  to  the  experimental 
ones.  It  may  be  observed  that  the  calculations  within  the  primary  water 
layer  assumed  a  value  of  D  =  1;  the  correspondence  between  the  results 
and  the  experimental  values  indicates  that  this  assumption  is  valid  for 
interactions  at  small  distances.  Perhaps  the  principal  value  of  such  calcu- 
lations lies  in  the  resulting  appreciation  of  the  inadequacies  of  our  know- 
ledge and  the  stimulus  this  gives  for  theoretical  and  experimental  advances 
in  interactions  at  the  molecular  level. 

It  has  been  stated  that  the  K"*"  ion  is  close  to  the  size  of  the  water  mol- 
ecule and  hence  probably  enters  substitutionally  into  the  water  structure 
without  disturbing  the  structure  (Brady  and  Krause,  1957).  However  it 
is  not  the  size  of  the  ion  that  is  most  important  but  its  charge  and  the  orient- 
ing effect  the  ionic  field  has  on  the  surrounding  water  molecules.  The  al- 
teration in  water  structure  brought  about  by  such  ions  is  attested  by 
electrostriction. 

Two  other  treatments  of  the  hydration  energy  will  be  mentioned  because 
they  illustrate  the  relative  contributions  made  by  the  various  interactions 
and  also  show  how  different  approaches  and  assumptions  can  lead  to  sim- 
ilar results.  Buckingham  (1957)  assumed  a  hydration  number  of  four 
for  the  univalent  ions  and  an  orientation  of  the  water  wherein  the  dipole 
is  on  a  line  with  the  center  of  the  ion.  The  total  interaction  energy  was 
written  as  the  sum  of  a  variety  of  terms  representing  the  different  forces 
involved: 

fP   =   (Pdiv   +   ^Quad   +   Vi   +   fd   +   (Pl    +   fPo   +   fPh    +   (Pr  (6-77) 

The  subscripts  refer  to  the  following:  9?^,^  to  the  ion-dipole  interactions, 
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Vquad  to  qiiaclrupole  interactions,  (p^  to  induced  dipoles  and  miiltipoles,  cp^ 
to  dispersion  forces,  99 ^  to  lateral  interactions  between  the  tetrahedral 
water  molecules,  cp^  to  the  interactions  with  water  molecules  outside  the 
hydration  layer,  q)/^  to  the  energy  required  to  make  a  hole  in  the  water 
structure,  and  <p^  to  the  repulsion  energy  arising  from  atomic  overlap.  These 
individual  values  were  calculated  for  several  ions  and  compared  to  the 
experimental  hydration  energies;  the  treatment  generally  overestimates  the 
energy  by  12-15  kcal/mole,  and  this  was  attributed  to  the  rigidity  of  the 
assumed  water  structure.  However,  the  neglect  of  the  repulsion  correction 
may  account  for  this  difference  also,  inasmuch  as  it  was  assumed  that  cp^ 
is  zero  unless  the  interacting  surfaces  are  in  contact;  actually  the  repulsion 
forces  do  contribute  appreciably  in  hydration.  This  factor  was  included  in 
the  equations  used  in  the  previous  calculation  of  the  hydration  energy. 


K+ 

Br" 

^^dip 

-67.7 

-44.7 

95quad 

26.4 

-14.1 

(pi 

-17.9 

-   7.7 

<Pd 

-  3.7 

-    1.9 

fl 

1.4 

4.1 

(Po 

-38.8 

-.33.6 

Vh 

10.0 

10.0 

9 

-90.3 

-87.9 

Brady  (1958)  calculated  the  hydration  energy  for  K^  assuming  four  wa- 
ter molecules  oriented  with  their  two  centers  of  negative  charge  towards 
the  ion.  The  existence  of  two  such  negative  centers  in  water  is  probably 
questionable.   The  hydration  energy  was  written  as: 


2r 


1 
1) 


+  wP 


(6-78) 


The  first  term  is  the  Born  expression  for  the  energy  required  to  charge  a 
sphere  of  radius  r  =  r,o,j  +  2r^^,^tg^  in  a  medium  of  dielectric  constant  D. 
The  second  term  is  the  product  of  the  number  of  water  molecules  by  the 
potential  energy  of  each  in  the  hydration  layer,  P  being  given  by: 


fie' 


G/i- 


K'^ion     I     'water) 


(6-79) 


which  represents  the  coulombic  and  the  dipolar  interactions,  /?e  being  the 
fractional  charge  on  the  H  or  0  atoms  and  G  a  geometrical  factor  dependent 
on  the  hydration  number.  The  third  term  takes  account  of  the  energy  lost 
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by  the  water  molecules  when  they  are  reoriented  from  their  water  structure. 
For  the  K+  ion  the  three  terms  were  calculated  to  be: 

(p  =  65.2  +  40  -  28  =  77.2  kcal/mole 
which  is  quite  close  to  the  experimental  value. 

Hydration  Differences  between  Cations  and  Anions 

There  has  been  considerable  confusion  about  the  hydration  of  anions; 
in  fact,  it  was  believed  for  some  time  that  only  cations  were  appreciably 
hydrated.  However,  the  hydration  energies  of  anions  (Table  6-17)  are 
greater  than  for  cations  of  comparable  radii;  for  example,  K"^  and  F~  are 
approximately  the  same  size  and  yet  the  hydration  energy  of  the  latter  is 
—  47  kcal/mole  greater.  The  reason  for  this  difference  is  that  the  dipole 
center  of  water  can  approach  an  anion  more  closely  than  a  cation.  The 
distance  from  the  nucleus  of  a  K"^  ion  to  the  water  dipole  center  is  3.16  A 
whereas  an  anion  of  the  same  size  would  approach  to  within  2.55  A,  using 
the  accepted  ionic  radius  and  configuration  of  the  water  molecule.  It  might 
be  asked  why  the  primary  hydration  number  of  anions  is  usually  given  as 
less  than  for  cations.  In  fact,  the  significance  of  a  primary  hydration  of 
one  or  two  might  be  questioned.  The  fact  that  the  hydration  energies  of 
Cr,  Br~,  and  I~  are  of  the  same  magnitude  as  K"*",  as  are  the  entropy 
changes,  would  indicate  that  there  is  about  the  same  degree  of  interaction 
with  the  water  molecules  and  the  same  disruption  of  water  structure.  The 
larger  anionic  radius  is  balanced  by  the  closer  approach  to  the  water  dipole; 
in  other  words,  a  Br~  ion  would  have  about  the  same  interaction  distance 
with  water  as  a  K"^  ion,  and  a  similar  primary  hydration  of  six  would  be 
expected.  In  the  case  of  the  small  F~  ion  it  is  possible  that  steric  factors 
allow  only  four  water  molecules  to  surround  the  ion,  but  for  the  larger 
anions  this  is  not  a  restriction.  It  may  well  be  that  such  anions  should  be 
considered  as  having  as  complete  a  hydration  layer  as  the  cations,  since 
the  repulsion  energy  (dipole-dipole)  of  the  bound  water  is  relatively  small 
compared  to  the  ion-dipole  energy.  It  is  likely  that  the  R— COO"  group 
is  hydrated  but  due  to  its  asymmetry  it  is  possible  there  is  a  primary 
hydration  of  only  three.  The  R  — NH3"^  group  probably  also  has  a  primary 
hydration  of  three.  These  values  will  be  accepted  in  future  calculations  as 
the  most  reasonable. 

The  Structure  of  Water  and  the  Effects  of  Solutes  on  this  Structure 

The  interactions  of  molecules  in  aqueous  solution  involve  not  only  the 
hydration  water  associated  with  ions  or  ionic  groups  but  also  the  structure 
of  water  in  the  bulk  phase  and  surrounding  nonpolar  molecules  or  parts 
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of  molecules.  The  association  energy  depends  on  the  enthalpy  and  entropy 
changes  occurring  during  modification  of  this  water  structure.  Pure  water 
possesses  structure  in  the  statistical  sense;  that  is,  at  any  time  a  certain 
fraction  of  the  water  molecules  will  be  bound  to  neighboring  molecules 
to  form  small  regions  of  tetrahedral  orientation  as  in  ice.  Various  terms  have 
been  used  in  discussing  water  structure:  the  temporary  structural  aggre- 
gates may  be  called  "  frozen  regions,"  "  ice-bergs,"  or  "  microdomains 
of  ice,"  while  the  amount  of  structure  in  water  under  specified  conditions 
has  been  termed  the  "  icelikeness  "  or  "  degree  of  polymerization."  When 
water  molecules  form  icelike  structures  around  small  nonpolar  molecules 
or  groups,  these  are  frequently  referred  to  as  "  cages."  The  association  of 
water  molecules  involves  mainly  hydrogen  bonding,  with  other  dipolar 
interactions  and  small  dispersion  forces  contributing  to  a  lesser  degree. 
Water  thus  contains  "  flickering  clusters  "  of  various  sizes  and  shapes,  the 
half-lives  of  these  structures  being  perhaps  of  the  order  of  lO^^'*  to  10~^^  sec 
(Frank  and  Wen,  1957).  The  fraction  of  the  total  water  that  is  present  in 
these  icelike  clusters  depends  strongly  on  the  temperature  and  this  is 
one  factor  that  must  be  considered  in  the  effects  of  temperature  on  inter- 
actions in  water.  It  was  postulated  that  when  two  water  molecules  asso- 
ciate, there  is  a  tendency  for  neighboring  molecules  to  become  bonded  and 
participate  in  the  structure,  in  a  manner  similar  to  crystallization.  Converse- 
ly, if  the  bond  between  two  water  molecules  is  broken  in  a  formed  cluster, 
there  will  be  a  tendency  for  the  cluster  to  break  down  or  melt.  This  provides 
a  means  by  which  localized  effects  on  orientation  can  be  propagated  for 
some  distance  in  the  solvent. 

When  solute  molecules  are  introduced  into  water,  various  effects  may 
be  exerted  on  the  water  structure  in  the  sense  of  altering  the  fraction  of 
the  water  that  is  in  the  icelike  state  or  of  changing  the  size  and  configu- 
ration of  the  association  clusters.  The  over-all  effect  may  be  an  increase 
or  a  decrease  in  the  water  structure.  Substances  that  produce  an  increase 
in  the  structure  have  generally  been  called  structure  formers  and  those  that 
cause  a  decrease  in  the  structure  have  been  called  structure  breakers.  It 
has  been  possible  by  studies  on  viscosity  and  entropy  changes  to  classify 
the  common  ions  into  these  two  categories  (Frank  and  Wen,  1957).  Thus 
F~,  OH",  Ca^"^,  and  Mg^"^  are  classed  as  structure  formers  and  Cl~,  Br", 
I  ,  NOg",  S04~,  and  K"^  as  structure  breakers  (K"*"  exerting  a  very  slight 
effect).  It  is  believed  that  multiply-charged  cations,  such  as  Mg^"*",  pro- 
duce a  long-range  ordering  of  the  water  structure,  i.e.,  beyond  the  primary 
hydration  layer  (Kaminsky,  1957),  this  being  shown  by  studies  on  infrared 
spectra,  entropy  changes,  apparent  molal  heat  capacities,  and  other  pro- 
perties. One  might  consider  hydrated  ions  as  providing  nuclei  for  the  for- 
mation of  icelike  clusters,  but  the  orientation  of  the  water  molecules  around 
the  ions  is  usually  not  such  as  to  fit  into  the  usual  water  structure.  An  in- 
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teresting  approach  to  this  problem  has  been  made  by  Samoilov  (1957) 
who  considered  the  rate  of  exchange  of  water  molecules  between  the  bulk 
phase  and  the  hydration  layers;  if  this  rate  is  low,  hydration  must  be  strong. 
The  activation  energies  for  this  exchange  were  calculated  for  the  common 
ions,  based  on  certain  assumptions  whose  validity  may  be  questioned,  and 
the  following  values  in  kcal/mole  were  obtained:  Mg"^"^,  2.61;  Li"^,  0.73; 
Ca++,  0.45;  Na+,  0.25;  K+,  -  0.25;  CF,  -  0.27;  Br~,  -  0.29,  and  I", 
—  0.32.  The  negative  values  would  indicate  that  certain  water  molecules 
near  the  hydrated  ions  have  greater  freedom  than  in  pure  water.  This 
was  termed  "  negative  hydration  "  but  is  probably  merely  an  expression 
of  the  structure-breaking  activity  of  these  ions  and  should  not  be  construed 
as  indicating  a  lack  of  hydration. 

A  nonpolar  molecule  introduced  into  water  will  affect  the  structure 
in  at  least  two  ways.  In  the  first  place,  a  hole  must  be  made  in  the  water 
and  this  requires  appreciable  energy,  which  may  be  estimated  roughly 
from  the  latent  heat  of  water  (about  10  kcal/mole).  In  the  second  place, 
a  pure  nonpolar  molecule  will  interact  so  little  with  the  surrounding  water 
molecules  that  icelike  clusters  tend  to  form  at  its  surface,  and  thus  these 
nonpolar  solutes  are  structure  formers  to  some  extent.  This  is  experimen- 
tally shown  by  the  longer  dielectric  relaxation  times  observed  in  solutions 
of  nonpolar  substances  (Frank  and  Wen,  1957).  If  the  solute  possesses 
groups  that  may  participate  in  hydrogen  bonding,  these  may  act  as  nu- 
clei for  icelike  clusters  and  further  increase  the  structural  component. 

Most  molecules  of  interest  in  enzyme  inhibition  contain  both  polar  and 
nonpolar  parts  and  it  is  of  importance  to  consider  the  disposition  of  water 
around  such  molecules.  Fatty  acids,  for  example,  exist  either  as  R  — COOH 
or  R— C00~.  In  the  former  the  water  will  be  affected  by  the  hydrocarbon 
chain  as  described  in  the  preceding  paragraph;  in  addition  there  will  be 
some  hydrogen  bonding  with  the  carboxyl  group.  When  ionization  occurs, 
the  anionic  carboxylate  group  will  become  hydrated  and  there  will  probably 
be  a  structure-breaking  effect.  Everett  (1957)  has  presented  evidence  that 
an  anionic  group  in  such  molecules  can  exert  an  effect  on  the  surround- 
ing water  structure  to  a  distance  of  at  least  5A.  Thus  in  short-chain  fatty 
acids  (such  as  formic  or  acetic  acids),  the  noncarboxylate  part  of  the 
molecule  will  be  of  no  or  little  importance  since  the  water  surrounding  it 
will  be  under  the  influence  of  the  ionic  group,  whereas  in  long-chain  fatty 
acids  (probably  past  butyric  acid)  only  a  fraction  of  the  w^ater  lying  along 
the  hydrocarbon  chain  will  be  influenced  by  the  ionic  group.  Situations 
of  this  nature  are  very  important  in  considerations  of  the  interactions  of 
small  molecules  with  enzymes,  because  the  effective  configuration  of  the 
hydrated  molecules  and  the  changes  that  occur  in  the  water  structure  upon 
binding  are  factors  of  fundamental  significance. 

One  final  word  should  be  said  concerning  the  orientation  of  water  mole- 
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cules  around  ions.  There  has  been  no  general  agreement  as  to  the  directions 
in  which  the  water  molecules  around  an  anion  lie.  It  has  been  often  assumed 
that  a  water  molecule  takes  up  a  position  wherein  a  hydrogen  atom  lies  on 
a  line  between  the  ion  and  the  oxygen  atom,  but  as  Buckingam  (1957) 
pointed  out,  this  means  that  the  water  dipole  is  oriented  about  52°  from 
the  ionic  electric  force  field,  as  in  orientation  (A).   Buckingahm  prefers 

H  H 

/  \ 

X-     H O  X-  O 

/ 
H 

(A)  (B) 

the  orientation  (B)  in  which  the  maximal  interaction  with  the  water  di- 
pole can  occur.  The  hydrogen  ion  presents  a  special  case  because  a  proton 
is  probably  associated  with  one  water  molecule  as  H3O+  and  it  is  this  ion 
that  is  hydrated,  not  only  because  of  the  electrical  field  but  as  the  result 
of  hydrogen  bonding.  Also  the  orientation  of  water  molecules  around  an 
hydroxyl  ion  is  probably  asymmetrical  because  of  the  different  positions 
the  water  molecules  must  assume  to  form  hydrogen  bonds  (Ackermann, 
1957). 

Hydration   of  Proteins 

Water  is  associated  with  protein  molecules  in  solution  in  a  variety  of 
ways  inasmuch  as  the  protein  surface  is  made  up  of  regions  of  differing 
properties.  There  are  both  structure-forming  and  structure-breaking  re- 
gions, and  there  are  groups  that  will  be  hydrated  because  of  their  ionic 
nature  and  others  because  of  their  ability  to  form  hydrogen  bonds  with 
the  water.  In  summary,  the  water  near  the  protein  or  enzyme  surface  will 
be  in  a  different  state  than  the  water  in  the  bulk  phase.  The  water  struc- 
ture around  a  protein  will  depend  particularly  upon  the  amino  acid  compo- 
sition and  the  pH  Ijecause  these  will  determine  the  ionic  state  of  the  pro- 
tein. Experimental  evidence  for  an  oriented  water  structure  around  pro- 
teins has  been  obtained  by  Klotz  (1958)  who  attached  the  ionizing  azo- 
mercurial  group,  — Hg— cp  — N=N— cp— N(CH3)2,  to  several  proteins  and 
found  that  the  ionization  was  decreased  (i.e.,  it  was  more  difficult  for  a 
proton  to  reach  the  — N(CH3)2  group  to  produce  a  positively  charged 
group).  He  attributed  this  to  the  icelike  structure  of  the  water  surrounding 
the  proteins.  In  the  case  of  serum  albumin,  this  cage  structure  becomes 
especially  important  below  a  pH  of  4.2,  the  extent  and  rigidity  of  the  ice- 
like structure  increasing.  It  is  obvious  that  the  interaction  of  any  mole- 
cules with  enzymes  must  be  determined  to  some  extent  by  this  water  en- 
velope and  that  the  ability  of  a  molecule  to  bind  to  an  enzyme  may  de- 
pend on  whether  the  molecule  can  disrupt  the  water  structure. 
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Importance  of  Hydration  in   Enzyme  Interactions 

It  was  pointed  out  earlier  that  ionic  interactions  involve  displacement 
of  water.  To  varying  extents  this  is  true  for  all  molecular  interactions  in 
solution.  The  reaction  of  an  inhibitor  with  an  enzyme  is  usually  written 
as  E  +  I  ^  EI  but  from  the  standpoint  of  the  over-all  interaction  energy 
it  should  be: 

E  -w^  +  I  -Wy  ->  E  -I  -iv^  +  {x  +  y  -  z)w  (6-80) 

where  w  represents  a  bound  water  molecule  and  x,  y,  and  z  the  number  of 
water  molecules  associated  with  each  species;  the  number  of  waters  dis- 
placed would  then  be  x  -\-  y  —  z  and  these  will  interact  with  free  water 
molecules.  The  interaction  of  water  with  enzyme  or  inhibitor  may  be  of 
any  type  (ion-dipole,  dipole-dipole,  or  dispersion)  and  thus  complexes 
such  as  E— Wj.  do  not  represent  necessarily  stable  hydration  layers  but 
indicate  all  energetically  significant  interactions  of  the  molecules  with 
water.  Even  nonpolar  molecules  or  groups,  such  as  hydrocarbon  side- 
chains,  exhibit  some  dispersion  interaction  with  surrounding  water  mole- 
cules, and  when  two  nonpolar  groups  interact  this  water  is  displaced. 
In  such  a  case  where  dispersion  forces  only  are  important,  x  =  y  because 
the  interaction  surface  between  the  groups  is  the  same  ^s  that  for  interac- 
tion with  the  water,  and  z  =  0  since  all  the  water  must  be  displaced  for 
significant  interaction  between  the  groups: 

E  -iv^  +  I  -iv^  ^  E-l  +2xw  (6-81) 

Since  each  dispersion  interaction  involves  the  polar izabilities  of  the  sub- 
stances we  may  write  (Pe  =  —  xKa-^a^  for  the  potential  energy  of  each 
group  with  its  surrounding  water.  The  over-all  interaction  energy  is  the 
difference  between  the  final  and  initial  states. 

Inital  state:  fe  =  —  xKaeCCu,  —  a;A'a,a,„  (6-82) 

Final  state:  (Pe  =  ~  xKa,/  —  xKa^ai  (6-83) 

The  over-all  dispersion  interaction  energy  is  thus: 

<Pe  =  —  xK{a  u,  —  Ui)  {a  a,  —  a  J  (6-84) 

and  not  —  xKa^a^  as  often  assumed.  The  disruption  of  the  water  structure 
and  the  entropy  factors  involved  will  be  discussed  later.  The  role  of  such 
water  dispersion  forces  in  protein  reactions  has  been  considered  by  Pauling 
and  Pressman  (1945)  in  the  interactions  of  haptenic  groups  with  antibody. 
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IONIC   ATMOSPHERE 

The  energy  involved  in  ionic  interactions  in  solution  must  be  further 
corrected  for  the  ionic  atmosphere  that  surrounds  each  ion.  Each  ion  in 
the  solution  attracts  ions  of  opposite  charge  and,  although  the  ions  retain 
their  mobility,  there  is  established  an  ion  distribution  the  characteristics 
of  which  can  be  predicted  by  statistical  theory.  The  presence  of  this  ionic 
atmosphere  around  an  ion  alters  the  electrical  field  of  the  central  ion  and 
hence  the  interaction  energy.  The  ionic  atmosphere  will  be  contributed  to 
mainly  by  small  ions  such  as  Na+,  K+,  Cl~,  and  others.  It  is  evident  that 
the  greater  the  concentration  of  these  ions,  the  smaller  will  be  the  inter- 
action energy  between  ionic  groups,  such  as  on  an  enzyme  or  inhibitor. 
This  situation  may  be  conceived  as  a  competition  between  the  numerous 
small  inorganic  ions  and  the  inhibitor  ionic  group  for  the  enzyme  ionic 
group;  as  the  inhibitor  approaches  the  enzyme,  energy  is  required  to  dis- 
place part  or  all  of  the  ionic  atmosphere. 

The  electrical  potential  in  the  neighborhood  of  an  ion  can  be  shown  to  be: 

F  =  ^  -^^ (6-85) 

dD       1   +  xTo 

where  d  is  the  distance  from  the  ion  to  the  point  where  the  potential  is 
considered  and  Tq  is  the  closest  approach  of  the  ionic  atmosphere  to  the  ion. 
The  Debye-Hiickel  constant  x  is  given  by: 

where  n^  is  the  number  of  ions  per  ml,  z^  is  their  charge,  and  s  is  the  ionic 
strength.  The  potential  in  Eq.  6-85  is  actually  made  up  of  two  separate 
potentials,  one  due  to  the  central  ion  and  one  to  the  atmosphere.  The 
potential  of  an  ion  will  be  reduced  by  the  ionic  atmosphere  and  the  mag- 
nitude of  this  reduction  will  depend  primarily  on  the  ionic  radii  and  the 
ionic  strength.  The  potential  energy  of  two  interacting  ions  will  now  be 
given  by: 

rp  =  ^i^    ^-^ (6-87) 

dD       1  +  xTq 

The  evaluation  of  the  potential  energy  requires  an  estimation  of  x  and  r^. 
At  37.50  and  assuming  D  =  74.1: 

;<  =0.332^/71-1  (6-88) 

In  most  enzyme  studies  under  physiological  conditions,  the  ionic  strength 
s  =  0.16,  in  which  case  x  =  0.133  A"^.  The  radius  of  the  ionic  atmosphere, 
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usually  expressed  as  Ijx,  would  be  approximately  7.5  A.  If  the  distance  of 
closest  approach  /"q  is  taken  as  3.0  A  (radius  of  enzyme  or  inhibitor  ionic 
group  =  1.7  A  and  radius  of  atmosphere  ion  =  1.3  A)  the  potential  energy 
at  equilibrium,  correcting  for  repulsion,  would  be: 


(Pe  =  183   ^  eo.i33(3-d^)  kcal/mole 


(6-89) 


If  the  ions  retain  their  primary  hydration,  ?•(,  would  be  approximately 
10.2  A  (diameter  of  two  water  molecules  =  7.2  A)  and  the  potential  energy 
would   be: 

go.o834(io.2-d^)  kcal/mole  (6-90) 


When  it  is  reasonable  to  assume  that  the  interacting  ions  reach  an  equili- 
brium distance  equivalent  to  the  closest  approach  of  the  atmosphere  ions, 
the  exponential  factor  disappears;  when  this  is  not  the  case,  the  variation  of 
the  exponential  factor  with  distance  may  be  estimated  from  Fig.  6-14.  It 


Fig.  6-14.  Variation  of  the  exponential  factor  with  distance.  Curve  A: 
y  _-  g0.i33(4-de);  curve  B:  /  =  e0.o834(io.2-(ie).   curve  C:  /=  e^-^iO-de). 
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is  possible  that  d  may  be  less  than  fg  in  the  second  case  above  if  the  inter- 
acting ions  lose  their  primary  hydration.  Within  the  cell,  r^  for  positive 
ions  is  probably  greater  than  given  above  due  to  the  larger  size  of  the 
anions  present,  and  the  ionic  strength  and  x  may  be  less  than  assumed. 

When  the  ionic  atmosphere  is  displaced  by  any  type  of  interaction,  a 
rough  estimate  of  the  energy  involved  may  be  made  from  the  value  of  the 
ionic  energy  in  the  Debye-Hiickel  treatment.  The  potential  energy  due 
to  the  ionic  atmosphere  at  37.5°  and  at  an  ionic  strength  of  0.16  is  about 
—  0.3  kcal/mole.  The  energy  is  probably  somewhat  less  than  this  for  ionic 
groups  on  molecules  due  to  steric  factors.  When  ionic  groups  interact  in 
enzyme  inhibition  it  is  likely  that  the  entire  ionic  atmosphere  of  each  is 
displaced,  so  that  approximately  0.4  kcal/mole  must  be  expended  on  this. 
Thus  this  represents  only  a  minor  correction  factor  in  such  interactions. 

The  binding  of  ions  to  some  proteins  is  more  complex  than  indicated  by 
the  treatment  above,  as  studies  on  myosin  have  demonstrated  (Lewis  and 
Saroff,  1957).  Myosin  A  binds  maximally  about  210  K"*"  or  Na"^  ions  per 
molecule  (assuming  a  molecular  weight  of  420,000)  and  myosin  B  about  half 
this  number.  The  effects  of  pH  on  this  binding  indicate  the  participation 
of  cationic  groups  and  a  "  chelation  "  type  of  binding: 


-coo- 


-H3N  -  +  K+ 


-coo- 


K+  ■••  H,N 


H^ 


There  are  two  types  of  binding  sites,  one  involving  the  imidazole  group  of 
histidine  and  one  an  amino  group.  The  thermodynamic  constants  for  K"^  are: 


Sites 

Number/molecule 

K 

AF 

Imidazole 
Amino 

63 
147 

1.25x10-3 

5x10-3 

-3.98 
-2.33 

where  K  is  the  dissociation  constant.  The  high  binding  energy  would  also 
indicate  some  type  of  ])inding  other  than  simple  ion-ion  interaction.  The 
binding  is,  of  course,  markedly  dependent  on  pH;  there  is  essentially  a 
competition  between  K"^  and  H"*"  ions  for  the  nitrogen  group.  That  appro- 
priate conjunctions  of  anionic  and  cationic  groups  on  a  protein  is  necessary 
for  such  binding  is  shown  by  the  failure  of  actin  and  seralbumin  to  bind 
either  K+  or  Na"^. 

DISTORTION  ENERGY 


The  binding  of  an  inhibitor  to  an  enzyme  may  involve  modifications  in 
the  structure  of  either  or  both  components  and  such  changes  from  the  nor- 
mal state  will  require  expenditure  of  energy.  These  energy  changes  should 
be  incorporated  in  the  expression  for  the  over-all  energy  of  interaction  but 
it  is  generally  impossible  to  evaluate  the  magnitude  of  the  contributions. 
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Distortion    of    Enzyme    Structure 

When  the  inhibitor  fits  into  a  cavity  or  crevice  in  the  enzyme  some  ex- 
pansion of  the  protein  structure  may  occur.  Dilatation  of  antibody  pro- 
tein to  accommodate  various  haptenic  groups  has  been  discussed  by  Pauling 
and  Pressman  (1915)  although  the  energy  involved  could  not  be  calculated. 
Entropy  data  indicate  a  "loosening  "  of  the  enzyme  structure  on  forming 
the  enzyme-substrate  complex  (Laidler,  1955  a).  Little  is  known  of  inhibi- 
tor-induced structural  changes  but  a  denaturation-like  effect  is  postulated 
to  occur  in  the  inhibition  of  bioluminescent  enzymes  by  urethanes  and 
sulfonamides   (Johnson  et  al.,    1954). 

Distortion   of  Inhibitor   Structure 

The  bound  inhibitor  may  exist  in  a  strained  state,  that  is  in  a  configu- 
ration different  from  that  assumed  in  solution.  Energy  may  be  required 
to  alter  bond  angles  or  bring  charged  groups  closer  together.  It  is  pos- 
sible that  in  the  inhibition  of  succinic  dehydrogenase  by  malonate  the 
carboxylate  groups  are  closer  when  the  malonate  is  attached  to  the  enzyme; 
some  bond  strain  might  also  occur  if  the  enzyme  cationic  groups  have  a 
separation  distance  different  from  the  inter-carboxylate  distance  in  mal- 
onate. 

Distortion  of  Enzyme  Side-Chains 

The  amino  acid  side-chains  at  the  surface  of  an  enzyme  probably  possess 
a  degree  of  flexibility.  In  such  cases  they  may  assume  positions  around  the 
inhibitor  to  provide  maximal  contact.  As  an  inhibitor  molecule  approaches 
the  enzyme  surface  these  side-chains  may  swing  around  to  equilibrium 
configurations  in  which  the  potential  energy  is  minimal.  Some  energy, 
although  usually  quite  small,  may  be  necessary  for  the  orientation,  since 
in  the  uninhibited  enzyme  the  side-chains  are  in  the  most  stable  positions. 
The  flexibility  of  these  side-chains  may  in  part  be  determined  by  the 
content  of  hydroxy  amino  acids,  these  forming  hydrogen  bonds  with  amino 
or  carboxyl  groups  and  stabilizing  their  configuration.  The  absence  of  such 
hydroxy  amino  acids  has  been  postulated  as  explaining  the  ability  of 
seralbumin  to  bind  many  substances,  this  protein  being  more  flexible  than 
most  (Klotz  and  Urquhart,  1949  b). 

Distortion  of  Enzyme  Charge   Distribution 

It  was  pointed  out  by  Kirkwood  and  Shumaker  (1952)  that  the  protein 
surface  possesses  many  groups  capable  of  combining  with  protons  and 
that  the  distribution  of  charged  groups  can  therefore  fluctuate  and  will 
depend  on  a  number  of  factors.  The  protein  surface  may  be  considered  as 
having  many  possible   charge  distributions  differing  slightly  in  energy. 
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When  a  substrate  or  inhibitor  approaches  the  enzyme  surface  it  will  modify 
the  charge  distribution  if  it  possesses  ionic  groups;  a  positively-charged 
inhibitor  will  create  a  region  of  relative  negativity  on  the  enzyme  and  the 
attraction  will  be  increased.  One  might  think  of  the  enzyme  as  being  polar- 
ized or  of  the  ionic  inhibitor  evoking  image  forces  (as  in  the  adsorption 
of  ions  on  metal  or  ionic  surfaces).  An  inhibitor  bound  to  an  enzyme  site 
will  experience  forces  of  attraction  arising  from  the  fluctuating  charges 
on  the  surface  vicinal  to  the  site  (Kirkwood,  1955).  The  potential  energy 
involved  will  depend  on  1/cZ^  where  d  is  the  distance  from  the  interacting 
ion  to  the  fluctuating  ions  and,  since  the  forces  are  electrostatic,  will  depend 
on  the  ionic  strength  (Kirkwood,  1954,  p.  4).  Hill  (1956)  has  considered 
such  interactions  on  a  quantitative  basis  and  pointed  out  that  the  increased 
stability  would  be  opposed  by  the  entropy  changes.  In  any  event,  the  dis- 
tortion of  the  normal  charge  distribution  by  the  inhibitor  introduces  a 
small  energy  term  into  the  total  interaction.  This  effect  is  closely  related 
to  the  alteration  in  proton  affinity  of  acidic  or  basic  groups  induced  by  the 
proximity  of  an  ion  and  the  resultant  change  in  p^^;  this  aspect  will  be 
considered  in  more  detail  in  Chapter  14. 

INHIBITION    CONSTANTS   AND    INTERACTION    ENERGY 

The  various  types  of  interactions  and  energy  contributions  involved  in 
the  binding  of  inhibitors  to  enzymes  have  now  been  discussed.  We  shall 
next  relate  the  interaction  energy  to  the  experimentally  determined  inhi- 
bition constant  K,.  If  K^  is  known,  it  is  possible  to  calculate  the  over-all 
change  in  free  energy  attending  the  binding  of  an  inhibitor  to  the  enzyme 
from  the  equation: 

AF  =  RT\nKi  (6-91) 

which  at  37. 5°  may  be  written  as: 

AF  =  1.422  log  K,  kcal/mole  (6-92) 

The  interaction  energy  values  discussed  in  the  previous  sections  generally 
refer  to  the  free  energy  changes  in  the  process  of  bringing  the  interacting 
molecules  from  infinite  distance  to  the  equilibrium  separation  d^.  The 
changes  in  free  energy,  enthalpy,  and  entropy  are  related  by  the  equation: 

AF  =  AH  -  TAS  (6-93) 

The  relative  contributions  of  AH  and  TAS  to  the  free  energy  change  depend 
on  the  nature  of  the  interaction  and  the  medium  in  which  it  occurs.  It  is 
possible  to  determine  experimentally  both  AH  and  AS  and  these  often 
give  useful  information  with  respect  to  the  reaction  mechanism. 
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Determination   of  Enthalpy   and    Entropy   Changes 
Substitution   of  AF  from   Eq.    6-91    in: 

^^^  "^  AS  (6-94) 


dT 
leads  to  the  following  expression  for  the  change  in  enthalpy: 

AH  =  2.303  RT'     ^^^f'     =  441.8  -^tjt^  kcal/mole  (at  37.5°)     (6-95) 
dl  dl 

Thus  the  slope  of  the  plot  of  p^^  against  temx)erature  will  provide  the 
change  in  enthalpy  and  the  entropy  change  may  then  be  estimated  from 
Eq.  6-93  which  may  be  written  for  37. 5^  as: 

AS  =  1422  -^^  +  4.58  vK,  (6-96) 

dl 

where  AS  is  given  in  cal/mole/degree  as  is  customary. 

For  interactions  involving  ionic  groups  the  following  method  leads  to 
the  entropy  change  directly  (Laidler  and  Ethier,  1953).  If  the  electrostatic 
ion-ion  interaction  energy  is  given  by  AF  =  305  z^z^jdgD  from  Eq.  6-56, 
substitution  of  this  in  Eq.  6-94  leads  to: 


eD'     [dT    j. 


AS  =  305  1^,   I  4^  I  (6-97) 


From  Eq.  6-73,  (dD^dT)^  is  found  to  be  -  0.338  at  37.5o,  and  if  D  is 
taken  as   74.1: 

AS  =  -  18.8  ^  cal/mole/degree  (6-98) 

However,  if  D  varies  with  the  interaction  distance  and  Eq.  6-74  is  used, 
it  is  seen  that  the  entropy  change  will  depend  on  d/,  for  separations  of  5-7 
A,  AS  would  be  8.7-4.4-fold  greater  than  in  Eq.  6-98,  which  is  more  in 
accord  with  experimental  values  in  ionic  reactions.  If  we  now  assume  that 
the  total  free  energy  change  is  made  up  of  electrostatic  and  nonelectro- 
static  contributions: 

AF  =  AF„,,  +  AF,,  (6-99) 


one  may  write: 


In  K,  =  ^^""    +  _?2^^^  (6-100) 

RT  RTd^D 


and  from  a  plot  of  In  K^  against  IjD  the  value  of  z^z.^jd^  may  be  obtained. 
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Finally,  AS  may  be  calculated  from  Eq.  6-98.  The  dielectric  constant  may 
be  varied  by  employing  different  mixtures  of  aqueous  medium  and  a  mis- 
cible  organic  liquid  (such  as  dioxane  or  methanol):  direct  effects  of  such 
organic  substances  on  the  enzyme  or  inhibitor  must  be  ruled  out. 

Although  a  beginning  has  been  made  in  the  determination  of  entropy 
changes  in  protein  binding  and  the  formation  of  the  enzyme-substrate 
complex,  unfortunately  there  is  little  work  with  enzyme  inhibitors  (see 
Chapter  15).  However,  one  may  take  as  typical  the  entropy  of  formation 
of  the  ES  complex  (Laidler,  1955  a).  Values  in  the  range  between  —  50 
and  +  50  cal /mole /degree  have  been  found  and  indeed  in  some  cases  the 
entropy  change  is  the  principal  driving  force  in  the  formation  of  the  complex. 
Such  would  be  the  case  in  the  binding  of  the  hapten  "HOgAs— cp— NHCO- 
cp— CONH— cp— AsOgH"  to  antibody  protein,  in  which  the  thermodynamic 
constants  were  found  to  be  AF  =  —  7.4  kcal/mole,  AH  =  —  0.8  kcal/ 
mole,  and  AS  =  22  cal/mole/degree  (Epstein  et  al.,  1956).  In  the  binding  of 
Ca"^"^  ions  to  seralbumin,  there  was  little  effect  of  temperature  on  the  bind- 
ing and  hence  AH  was  assumed  to  be  zero,  in  which  case  AS  =  —  AFjT 
or  around  14  cal/mole/degree  (Katz  and  Klotz,  1953).  The  binding  of 
Cu++  ions  is  similar  and  gave  a  value  of  AS  —  28  cal/mole/degree  (Klotz, 
1952,  p.  427).  It  is  evident  that  the  role  of  entropy  in  protein  interactions 
is  very  important. 

Components  of  the  Entropy  Change  in  Protein  Interactions 
The  over-all  entropy  change  in  the  reaction: 

E  -iv^  +  I  -Wy  -»  El  ~iv,  -\-  {x  +  y  -  z)w  (6-101) 

may  be  considered  to  be  made  up  of  three  parts  in  the  general  case,  [a)  The 
rigidity  imposed  in  the  molecules  by  the  formation  of  the  EI  complex  which 
would  result  in  a  negative  AS.  (b)  Structural  modifications  in  the  enzyme 
or  substrate  consequent  to  binding,  the  J^S  for  which  could  be  either  posi- 
tive or  negative,  (c)  The  liberation  of  water  molecules  with  an  increase  in 
their  rotational  degrees  of  freedom  resulting  in  a  positive  AS.  It  is  proba- 
ble that  the  last  is  the  most  important  contribution  in  reactions  involving 
ionic  groups.  In  fact  when  AS  is  definitely  positive,  it  is  evidence  that 
oppositely  charged  groups  are  interacting  and  displacing  water  of  hydra- 
tion as  pointed  out  by  Laidler  (1955  a).  Enzymes  such  as  pepsin,  trypsin, 
and  ATPase  (which  act  on  ionic  substrates)  show  a  +  z]*S  for  formation 
of  the  ES  complex,  while  chymotrypsin  and  urease  (which  act  on  uncharged 
molecules)  show  a  —  AS.  Similar  -f  J*S  values  are  obtained  for  the  ionic 
interactions  of  the  arsenical  hapten  with  antibody  and  for  Ca"^"^  and  Cu"^"^ 
with  seralbumin. 
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The  entropy  change  from  the  liberation  of  water  in  ionic  interactions 
may  be  quite  large.  In  the  reaction  of  the  "HOgAs— cp— NHCO— cp— 
CONH— cp— AsO^H"  hapten  with  antibody,  it  was  calculated  that  the 
AS  for  association  (with  loss  of  translational  and  rotational  freedom) 
would  be  approximately  —  100  cal/ mole /degree.  Thus  the  AS  for  water 
liberation  would  be  +  122  cal/mole/degree.  Since  the  melting  of  ice  in- 
volves an  entropy  change  of  AS  =  +  5  cal  mole  degree,  it  was  concluded 
that  around  24  molecules  were  displaced  (Epstein  et  al.,  1956).  In  the  reac- 
tion of  ATP  with  myosin  ATPase  the  calculations  showed  that  the  elec- 
trostatic interactions  contributed  only  part  of  the  entropy  change  (Laidler 
and  Ethier,  1953).  It  is  possible  that  the  remainder  was  due  to  the  struc- 
tural changes  in  the  myosin  which  are  known  to  occur  on  reaction  with 
ATP.  The  negative  values  of  AS  found  for  nonionic  enzyme  interactions 
have  their  origin  mainly  in  the  association  of  enzyme  and  substrate,  but 
it  is  possible  that  here  there  is  also  a  small  entropy  term  for  the  dis- 
placement of  water. 

The  importance  of  water  and  entropy  in  protein  interactions  is  indicated 
by  the  fact  that  the  formation  of  the  mercury  dimer  of  seralbumin  (Kirk- 
wood,  1954,  p.  16)  and  the  combination  of  trypsin  with  soybean  trypsin 
inhibitor  (Sturtevant,  1954,  p.  17)  both  show  a  negligible  change  in  enthalpy. 
Yet  there  are  large  negative  changes  in  free  energy  which  must  mean  that 
AS  is  positive  and  that  water  molecules  must  be  displaced  from  between 
the  interacting  protein  molecules. 

Relation   of  Inhibition   to   Interaction    Energy 

Since  K,  =  e'^^-^^,  the  relation  between  fractional  inhibition  and  the 
interaction  energy  may  be  written  as: 

^  ^  (6-102) 


(I)  +  xe-'P/RT 


where  x  depends  on  the  type  of  inhibition  and  on  the  value  of  a,  the  factor 
by  which  the  binding  of  inhibitor  is  changed  in  the  presence  of  bound  sub- 
strate (see  Eq.  3-21);  for  noncompetitive  inhibition  x  =  1  and  for  com- 
petitive y  =  1  -r  [(S)  /KJ.  Equation  6-102  is  plotted  in  Fig.  6-15  to  show 
the  nature  of  the  dependence  of  inhibition  on  the  interaction  energy.  In  the 
midrange  of  the  curves,  the  inhibition  is  quite  sensitive  to  small  changes 
in  the  interaction  energy;  a  change  in  AF  of  0.25  kcal/mole  will  increase 
or  decrease  the  inhibition  by  10%.  When  a  series  of  related  inhibitors  is 
tested  at  the  same  concentration,  the  relative  interaction  energies  may  be 
read  off  the  appropriate  curve. 
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Fig.  6-15.  Variation  of  the  fractional  inhibition  with  the  free  energy  of  interaction 

between  the  enzyme  and  the  inhibitor  (Eq.  6-102).  Curve  A:  (I)/x  =  0.1;  curve  B: 

(I)/x  =  0.01;  curve  C:  {l)/x  =  0.001;  curve  D:  (I)/x  =  0.0001. 

Determination    of    Relative    Interaction    Energies 

The  over-all  free  energy  change  may  be  calculated  from  the  value  of  K^ 
but  this  usually  includes  energy  terms  other  than  for  the  direct  interaction 
of  enzyme  and  inhibitor.  These  other  terms,  such  as  for  the  displacement 
of  water  or  ionic  atmosphere,  are  difficult  to  evaluate  accurately.  Thus  it  is 
generally  impossible  to  derive  a  value  for  the  enzyme-inhibitor  interaction 
alone.  However,  it  is  often  this  energy  that  is  of  the  most  significance  in 
deriving  accurate  spatial  relations  of  the  binding  and  evaluating  the  spe- 
cific contributions  of  various  groups  on  the  inhibitor.  Although  it  is  not 
always  possible  to  obtain  an  absolute  value  for  this  interaction  energy, 
one  can  occasionally  determine  with  sufficient  accuracy  the  relative  bind- 
ing energies  of  two  or  more  related  inhibitors  and  attribute  these  differences 
to  variations  in  the  properties  of  the  inhibitors. 

Let  us  consider  two  structurally  related  competitive  inhibitors.  From 
the  relations: 

AF,  =  1.422  log  K,  JF,  =  1.422  log  K,  (6-103) 


K. 


di)  (1   -  ^^) 


Ki. 


(I2)  (1  -  ^2) 


(6-104) 
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where  x  =  I  -{-  [{S)IKJ,  the  difference  in  binding  energy  is  given  by: 

^^ 

AF,  -  JF,  =  1.422  log  — !-  (6-105) 

K  i 

2 

AF,  -  AF,  =  1.422  log    i^^l  Sj  ~  '.'\''  (6-106) 

(I2)  (1   -  i2)*i 

If  50%  inhibition  is  taken  for  both  inhibitors: 

AF,  -  AF,  =  1.422  log  lAi-  (6-107) 

(^2)0. 5 

where  (I)o5  is  the  concentration  of  inhibitor  inhibiting  50%.  If  the  same 
concentration  is  used  for  each  inhibitor,  (I^)  =  (Ig),  and: 

AF,  -  AF,  =  1.422  log    '"SI  ~  \'l  (6-108) 

n(i  -  ^2) 

Knowing  the  concentration  of  each  inhibitor  and  the  degree  of  inhibition, 
is  thus  possible  to  calculate  the  difference  in  interaction  energy;  the  ac- 
curacy of  the  experimental  values  will  determine  the  reliability  of  the 
energy  difference  —  with  reasonable  care  it  is  possible  to  determine  the 
value  of  AF^  —  JF2  to  an  accuracy  of  0.01  kcal/mole  or  better. 

If  the  two  inhibitors  are  reasonably  alike  in  properties  and  size,  this 
difference  in  binding  energy  will  be  independent  of  factors  such  as  changes 
in  water  structure  or  effects  of  the  ionic  atmosphere.  If  one  inhibitor  is 
R-A  and  the  other  R-B,  the  difference  in  binding  energy  may  be  related 
to  the  different  interactions  of  the  groups  A  and  B  provided  these  groups 
are  similar.  For  example,  if  A  is  a  nonpolar  group  and  B  is  an  ionic  group, 
the  energy  difference  will  not  be  an  accurate  expression  of  the  binding 
difference  because  AF  for  the  ionic  group  will  include  terms  that  do  not 
occur  in  that  for  the  nonpolar  group.  How^ever,  such  factors  are  corrected 
for  in  expressions  for  the  interaction  energy  (Eq.  6-90)  and  hence  the  expe- 
rimentally determined  zJi^i  —  AF2  may  be  equated  with  such  a  correct- 

Although  this  procedure  is  the  most  reliable  for  the  estimation  of  inter- 
action energies  of  single  groups  or  parts  of  inhibitor  molecules,  some  pre- 
cautions must  be  observed  in  the  interpretation.  When  a  group  is  altered, 
or  replaced  by  another  group,  or  when  a  group  is  added,  the  changes  are 
not  necessarily  localized  to  the  region  of  the  group  but  may  extend  to 
adjacent  parts  of  the  molecule.  Thus  the  placing  of  a  group  on  a  benzene 
ring  not  only  changes  that  position  on  the  ring  but  alters  the  electronic 
distribution  and  polarizability  of  the  ring.  The  binding  energy  difference 
for  cp  and  cp-A  will  not  be  due  entirely  to  the  forces  exerted  by  the  group  A 
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on  the  enzyme  but  also  to  changes  in  the  benzene  ring  and  its  interaction 
with  the  enzyme.  Also  it  is  possible  that  adding  a  group  to  a  molecule  may 
sterically  prevent  the  rest  of  the  molecule  from  approaching  the  enzyme 
surface  as  closely  as  before;  the  difference  in  binding  energy  will  then  not 
reflect  only  interactions  of  the  added  group. 

DETERMINATION    OF  THE   EQUILIBRIUM    DISTANCE  d^ 

FROM  K, 

The  interaction  energy  derived  from  iiC ,  may  be  used  to  estimate  the  equi- 
librium distance  between  the  inhibitor  and  the  enzyme.  This  applies,  of 
course,  to  specific  groups  whose  interaction  can  be  ascertained  and  not 
usually  to  the  entire  inhibitor  molecule  and  the  total  interaction  energy. 
When  (fg  is  made  up  of  several  contributions,  with  different  dependencies 
on  separation  distance  d^,  calculation  of  the  equilibrium  distance  is  difficult 
and  graphical  methods  must  be  used.  If  ionic  interaction  is  considered,  it 
might  be  thought  that  one  could  simply  use  the  expression  d^  =  SOSz^Zg/?'?-^ 
obtained  from  Eq.  6-56.  In  the  first  place,  one  must  decide  upon  what  val- 
ue of  D  to  use.  Since  D  cannot  be  taken  as  unity  (as  in  a  vacuum)  or  as 
74.1,  the  bulk  dielectric  constant,  Init  depends  upon  the  separation  distance, 
its  value  cannot  be  assigned  without  knowing  d^.  Thus  an  equation  such 
as  6-75  must  be  used  which  results  in  a  quadratic  expression  for  d^.  In  ad- 
dition, the  effect  of  the  ionic  atmosphere,  which  also  depends  on  the  distance, 
should  be  included,  according  to  Eq.  6-89  or  6-90.  Finally,  the  contribu- 
tions to  (fg  from  induced  dipole  and  dispersion  interactions  should  be 
included. 

One  of  the  most  important  interactions  in  inhibitions  is  that  between 
an  amino  group  and  a  carboxyl  group  in  the  ionized  state.  Let  us  assume 
that  the  value  of  AF  for  this  interaction  has  been  determined  experimen- 
tally for  a  particular  inhibitor  and  we  wish  to  calculate  the  equilibrium  sep- 
aration distance  between  these  ionic  groups.  The  expression  for  the  total 
potential  energy  may  be  written  as: 

305  e"<'-o-'^e>  lll(ai  -}- a,)e'<<%-V  ll^^/Ya,a^        ^^,  ^^^^ 

"  —      (b-iuy) 


Ion-ion  Ion-induced  dipole  Dispersion 

using  the  equations  derived  in  the  previous  sections.  The  following  values 
may  be  used:  a^  for  the  carboxyl  group  =  1.87,  a.^  for  the  amino  group 
=  2.14;  Zi  for  the  carboxyl  group  =  16,  and  Zg  for  the  amino  group  =  8, 
whence  V-Z  =  11.3  since  ^f  Z  =  Z^Z,;,  and  D  =  M,  —  7.  With  regard  to  r^ 
and  K,  it  is  difficult  to  decide  upon  whether  the  distance  of  closest  approach 
should  involve  the  primary  hydration  layers  or  not.  Calculations  will  be 
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made  for  three  cases:  (a)  assuming  the  water  shell  does  not  enter  into  the 
closest  approach,  in  which  case  Tq  =  3.0  A  and  x  may  be  taken  as  0.133 
as  derived  above;  (6)  assuming  the  atmosphere  ions  and  the  involved  ions 
do  not  lose  their  primary  hydration,  in  which  case  r^  =  10.2  A  (diameter 
of  two  water  molecules  being  7.2  A)  and  x  can  be  taken  as  12,  since  it 
must  be  somewhat  larger  than  Tq,  and  (c)  neglecting  the  ionic  atmosphere 
entirely,  which  would  apply  when  the  ionic  strength  is  very  low  or  when 
the  charged  group  is  within  a  large  inhibitor  molecule  and  uninfluenced 
by  the  free  ions  in  the  solution.  The  energy  equation  for  the  first  case 
may  be  written  as: 

199go.i33(3-d_^)  291e«-i33<^-<*e'  1652    ,      ,,      , 

kcal/mole         (6-110) 


d,{Qd,  -  7)  de*iQde  -  1)-  d, 

and  similar  equations  may  be  written  for  the  other  situations.  The  energy 
contributed  by  each  type  of  interaction  at  various  distances  for  the  three 
cases  considered  are  shown  in  Table  6-18  and  the  total  interaction  energy 
is  calculated.  Figure  6-16  shows  the  variation  of  qc^  or  AF  with  the  equili- 
brium distance.  This  is  not  a  potential  energy-distance  plot  in  the  ordinary 
sense,  but  gives  the  conditions  only  at  equilibrium  separation.  From  these 
curves  one  may  determine  d^  from  the  experimental  value  of  AF.  It  may 
be  seen  that  whichever  assumption  is  made  regarding  the  closest  approach 
of  the  ionic  atmosphere,  there  is  not  a  great  difference  in  the  results,  ex- 
cept at  low  interaction  energies  when  the  equilibrium  distances  will  differ 
by  as  much  as  1  A.  Preference  here  will  be  put  on  curve  B  since  it  is  likely 
that  the  atmosphere  ions  approach  the  interacting  ions  at  their  closest 
with  two  layers  of  water  molecules  between  them.  The  — NHg"^  and  —COO 
ionic  groups,  however,  can  lose  their  hydration  layers  upon  interaction. 
These  curves  will  be  applied  to  experimentally  determined  interaction 
energies  in  the  following  sections. 

George  (1959)  suggested  that  there  are  two  types  of  association  between 
ions  in  aqueous  solution.  In  the  first  type  there  is  a  loss  of  the  hydration 
water  in  the  association  process,  in  which  case  the  entropy  change  is 
related  to  the  entropy  of  hydration.  This  appears  to  apply  to  associations 
of  cations  with  singly-charged  anions,  such  as  CF,  Br",  F",  0H~,  and  HCOg  . 
In  the  second  type  the  association  does  not  involve  a  loss  of  the  hydration 
water  and  the  various  entropy  and  energy  terms  that  are  related  to  the 
hydration  are  not  so  important.  This  would  apply  more  particularly  to 
the  doubly  charged  cations  and  anions,  such  as'the  sulfates  of  Mg"^"*",  Ca"^"^, 
Ba"^"*",  and  Pb"*""^.  It  was  felt  that  a  simple  coulombic  treatment  might  be  sat- 
isfactory for  associations  of  the  second  type,  but  that  the  disturbances  in 
water  structure  occurring  in  associations  of  the  first  type  would  complicate 
the  situation.  Yet  Eigen  (1957)  from  the  relaxation  spectra  of  2:2  electro- 
lytes in  aqueous  solution  had  concluded  that  specific  ionic  interactions 
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occur  when  the  ions  approach  within  a  distance  of  three  water  layers,  and 
that  this  interaction  energy  could  not  be  described  adequately  by  a  cou- 
lombic  formulation,  whether  one  used  a  macroscopic  dielectric  constant 
or  one  that  decreases  with  approach  of  the  ions.  The  problem  of  hydra- 
tion water  displacement  in  ion-ion  interactions  is  certainly  not  solved  at 
the  present  time. 


Fig.  6-16.  Dependence  of  the  interaction  energy  on  the  equiUb- 
rium  distance  between  — XH3+  and  — C00~  groups  (Eq.  6-109). 
Curve  A:  r^  =  4  A;  curve  B:  ry  =  10.2  A;  curve  C:  ionic  atmos- 
phere neglected. 


Many  different  approaches  to  the  problem  of  the  association  of  ions  in 
aqueous  solution  have  been  used  and  all  of  this  work  is  intimately  related 
to  the  interactions  between  ionic  groups  on  enzymes  and  inhibitors.  Fuoss 
(1958)  has  assumed  the  solvent  to  be  a  continuum  and  thus  there  are  no 
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factors  in  his  expressions  for  the  ion-solvent  interactions.  His  expression 
for  the  association  constant  of  an  ion  pair  must  therefore  be  considered  as 
very  approximate. 

K  =  2.524  X  10-3  «V 

where  a  =  the  ionic  diameter  in  A  and  h  —  e^JciDkT.  A  much  more  complex, 
but  probably  more  accurate,  treatment  has  been  given  by  Levine  and  Wrig- 
ley  (1957)  for  the  interaction  energy  of  two  univalent  ions  in  water  at 
small  separations.  The  region  around  an  ion  is  divided  into  two  portions: 
a  primary  hydration  shell  and  the  rest  of  the  water  (which  is  assumed  to 
be  a  continuous  dielectric  medium).  The  dipole  moments  that  are  induced 
in  the  hydration  water  molecules  by  the  ion  are  calculated  and  taken  into 
account.  The  energy  of  two  hydrated  ions  in  a  vacuum  is  calculated  and 
then  to  this  is  added  the  energy  required  to  introduce  the  dielectric  med- 
ium. The  deviation  from  the  simple  coulombic  expression  is  given  by 
a  correction  factor,  9?^: 

y-  =  {e^idD)  +  cp,  (6-111) 

The  correction  factor  takes  the  form: 

-=^+^+^  (6-112, 

where  the  C's  are  complex  functions  of  the  ionic  polarizability,  dielectric 
constant,  and  other  factors.  Calculations  were  made  for  potassium  fluoride 
and  it  was  found  that  at  ion  separations  of  6-8  A  (contact  of  hydration  shells) 
9?c  was  about  +  8%  of  the  coulombic  term.  It  is  also  interesting  that  the 
effective  dielectric  constant  for  the  hydrated  ions  was  found  to  be  close 
to  2.5. 


INTERACTIONS    OF    HAPTENS   WITH    ANTIBODIES 

Much  of  the  quantitative  work  on  antibody-hapten  binding  reported 
during  the  past  15  years,  especially  by  Pauling,  Pressman,  and  their  asso- 
ciates, can  be  applied  to  interactions  of  inhibitors  with  enzymes.  In  both 
cases  one  is  dealing  with  the  binding  of  relatively  small  molecules  to  pro- 
teins, the  same  types  of  interaction  forces  are  involved,  there  are  similar 
orientation  factors,  and  in  both  there  is  usually  a  specifically  patterned 
site  on  the  protein  where  the  binding  occurs.  The  energies  for  the  interac- 
tions of  various  simple  groups  with  proteins  have  been  derived  from  hapten 
inhibition  studies  and  these  values  are  useful  in  estimating  energy  contri- 
butions from  enzyme  inhibitor  groups,  as  well  as  providing  an  experimental 
test  of  the  theoretical  interaction  equations  derived  above. 
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The  basic  procedure  is  to  produce  antibodies  in  rabbits  by  injecting  sheep 
serum  coupled  with  some  substance  such  as  diazotized  p-arsanilic  acid  and 
then  precipitate  these  antibodies  by  mixing  with  simple  polyhaptenic  sub- 
stances possessing  2>-diazophenylarsonate  groups.  When  various  substituted 
monohaptenic  phenylarsonates  are  present,  the  precipitation  is  inhibited 
due  to  these  substances  competing  with  the  polyhaptens  for  the  specific 
binding  sites.  From  the  degree  of  inhibition  produced,  the  binding  relative 
to  a  standard  hapten  can  be  determined  and  expressed  as  a  combining 
constant  K^;  the  standard  hapten,  such  as  phenylarsonate,  is  assigned  a 
Kq  =  1.  These  constants  then  are  not  absolute  and  do  not  relate  directly 
to  the  free  energy  of  binding.  However,  from  them  may  be  calculated  the 
difference  in  binding  energy  between  any  two  compounds  using  Eq.  6-105 
(with  a  numerical  factor  of  1.273  since  equilibrium  is  usually  at  5°).  It  is 
usually  convenient  to  compare  the  substituted  phenylarsonate  haptens 
with  the  standard  unsubstituted  compound,  in  which  case  the  energy  dif- 
ferences may  be  correlated  with  the  substituent  group. 

protein  —  N=N— <f       >— AsOgH" 
Antigen 

_  OH  OH 

-H03As-<^_^-N=N-^^-N=N-|^\/^-N=N-^\-N=N-^^\-As03H- 

HOgS-^ys^^-SOaH 
Polyhapteni c  precipitant 


C       >-As03H~ 
Standard  inhibitor 


X-/       \-AsO3H- 
Test  inhibitor 


Determination   of  Group   Interaction    Energies 

The  binding  of  the  inhibitor  hapten  X— <p  — AsOgH^  to  the  antibody  pro- 
tein would  result  from  the  following  interactions:  (1)  the  electrostatic  at- 
traction between  the  negative  arsonate  group  and  a  positive  charge  on  the 
protein;  (2)  dipole-dipole  interactions  between  the  arsonate  group  and  the 
protein;  (3)  the  dispersion  attraction  between  the  arsonate  group  and  the 
benzene  ring  for  the  protein;  (4)  the  dispersion  attraction  between  the 
group  X  and  the  protein;  and  (5)  other  interactions  between  the  group  X 
and  the  protein,  depending  on  the  nature  of  X.  Comparing  the  inhibitor 
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haptens,  interactions  (1),  (2),  and  (3)  may  be  assumed  to  remain  constant, 
so  that  differences  in  binding  energy  may  be  attributed  to  interactions  of 
the  group  X  with  the  protein,  specifically  that  part  of  the  protein  adjacent 
to  the  — N=N—  group  in  the  normal  antigen-antibody  reaction.  Let  us 
first  consider  the  binding  energy  difference  due  only  to  dispersion  forces 
between  the  group  X  and  the  protein.  The  displacement  of  water  originally 
adjacent  to  both  hapten  and  antibody  must  also  be  considered.  Further- 
more, the  substitution  of  the  group  X  on  the  benzene  ring  replaces  a  hy- 
drogen atom,  the  interaction  of  which  must  be  included.  The  reactions  may 
now  be  written: 

Unsubstituted  hapten:       H(W)  +  A(W)  ^  HA  +  W 
Substituted  hapten:  X(W)  +  A(W)  ^  XA  +  W 

where  H  is  phenylarsonate,  X  is  X-phenylarsonate.  A  is  antibody,  and  W 
represents  an  unspecified  number  of  water  molecules.  The  dispersion  energy 
changes  for  the  reactions  are  given  by: 


'Pb  =  f>E-A  +  fw-w  -  Vb-w  -  "Pa-w 
fx  =  'Px-A  +  "Pw-w  -  fx-w  -  'Pa-w 
and  the  difference  in  dispersion  energy  is: 

^(Pdisv  =  (Px  -  Vh  =  "Px-A  -  "Px-w  -  "Pb-a  +  Vn-w 
From  Eq.  6-69  the  individual  dispersion  terms  may  be  written  as: 

Vx-A  =  -18.7    V^^AA^/ 

Vb-a  =  -  18.7    V^  R^RAld/ 
'Pb-w  -  -  18.7  «\/^4  RbK^^^' 


(6-113) 
(6-114) 

(6-115) 


leading  to: 


18.7 


\/Z,  R.,R^  -  n\/ Z,R^R^~\/ Z,R^R^  +  n\/ Z.RgR,, 

(6-116) 


where  Z^  =  VZ^^Z^^,  Z,  -  VZ^^Z^,,  Z.,  =  VZ^^Z^,  Z^  ^VZj^Z^,,  n  =  the 
number  of  water  molecules  adjacent  to  hapten  group,  and  where  the  equi- 
librium distance  d^  is  assumed  to  be  the  same  for  each  interaction.  From 
the  molar  refractions,  electron  numbers  and  van  der  Waals'  radii  of  the 
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various  components,  the  values  of  J(pdtsp  may  be  calculated  and  compared 
with  the  experimental  values  derived  from  the  combining  constants  Kq. 

The  equilibrium  distance  d^  may  be  estimated  by  adding  the  group  van 
der  Waals'  radius  to  an  average  protein  group  radius.  The  latter  was  as- 
signed a  value  of  2.0  A  by  Pauling  and  Pressman  (1945)  but  it  is  felt  that 
this  figure  is  a  little  large.  Perusal  of  Table  6-9  for  groups  common  in  pro- 
teins, such  as  amino,  hydroxyl,  phenyl,  hydrocarbon,  and  peptide,  and 
considering  that  these  groups  will  often  be  flexible  and  adjust  to  near- 
minimal  distance,  leads  one  to  conclude  that  the  average  protein  group 
radius  is  nearer  1.8  A.  Next,  one  must  assume  some  reasonable  figure  for 
the  number  of  water  molecules  adjacent  to  the  hapten  groups  and  antibody 
site.  Pauling  and  Pressman  assumed  n  =  8  but  it  is  likely,  since  these  groups 
usually  will  not  disrupt  the  water  structure  and  pack  closely  about  the 
group,  that  this  value  is  high.  If  one  assumes  that  the  hapten  groups  are 
not  greatly  different  in  size  from  a  water  molecule,  it  will  be  seen  that 
n  —  3  will  be  reasonable  (the  fourth  water  molecule  that  would  surround 
the  isolated  group  is  replaced  by  the  bond).  Finally,  the  molar  refraction 
of  the  antibody,  which  refers  to  the  integrated  refractions  of  the  protein 
groups  over  the  surface  in  contact  with  the  hapten  group,  must  be  esti- 
mated. Pauling  and  Pressman  calculated  a  value  of  7?^  =  5.90  ml  for  a 
portion  of  the  protein  equivalent  to  one  water  molecule,  using  the  index 
of  refraction  of  squash  seed  globulin.  From  the  summary  of  the  indices 
of  refraction  of  eight  wa'  !r-free  proteins  by  Doty  and  Geiduschek  (1953), 
the  average  value  would  be  1.604,  from  which  -R4  =  5.28  ml,  and  this  va- 
lue, as  probably  more  accurate,  will  be  used  here.  It  must  be  noted  that 
R^  will  differ  in  different  regions  of  the  protein  and  that  the  figure  assumed 
above  is  approximate  only. 

Equation  6-116  may  now  be  rewritten  using  n  =  3  and  reasonable  values 
for  the  electron  number  Z: 

18  7 
^a.sr,  =   -  -y^  [2.837?^  -  27?^]  [3/2^  -  2>R^]  (6-117) 


for  all  the  groups  considered  except  NO2  and  C00~,  for  which  the  numerical 
factor  of  i?Y  is  3.46.  Calculations  based  on  this  equation  are  presented  in 
Table  6-19  and  compared  with  the  experimental  values  for  the  smaller 
hapten  groups.  The  combining  constants  for  the  two  antibodies  often  differ 
due  to  the  different  patterns  presented  by  the  regions  adjacent  to  the  groups; 
it  is  hoped  that  by  averaging  the  energy  differences,  forces  others  than 
dispersion,  such  as  hydrogen  bonding,  may  be  partly  eliminated.  The 
agreement  between  the  experimental  over-all  free  energy  changes  and  the 
calculated  dispersion  energy  is  quite  good  considering  that  the  equilibrium 
distances  can  only  be  approximately  estimated.  It  would  appear  that  dis- 
psrsion  forces  are  mainly  responsible  for  the  interaction  of  these  groups 
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with  the  antibody,  but  it  is  probable  that  dipole-dipole  effects  do  occur  in 
individual  instances.  The  deviations  for  —OH,  —  NH2,  and  —  NO2  in- 
dicate that  on  the  p-azophenylarsonate  antibody  there  is  a  dipole  with 
positive  end  directed  toward  the  surface  of  contact,  whereas  in  the  p-phen- 
ylazobenzoate  antibody  there  is  a  dipole  with  the  opposite  orientation. 


Table  6-19 

Group    Dispersion   Energies   in   Interactions   of   Haptens   with  Antibodies 

to   p-azophenylarsonate   and   p-phenylazobenzoate  "■ 


Molar 
refraction 

Rx 

(ml/mole) 

Group 
radius 

(A) 

Separation 
distance 

(A) 

Calculated 

energy 
difference 

^•Pdisp 

(kcal/mole) 

Combining 
constants 

Average 

exptl. 

energy 

difference 

AAF 
(kcal/mole) 

Group 

(1) 

A'o' 
(2) 

-CH3 

6.15 

1.92 

3.72 

-0..58 

3.30 

1.80 

-0.49 

-CI 

6.38 

1.80 

3.60 

-0.74 

4.15 

5.30 

-0.85 

-Br 

9.19 

1.95 

3.75 

-0.89 

4.63 

5.40 

-0.89 

-I 

14.08 

2.15 

3.95 

-1.05 

5.97 

9.00 

-1.10 

-OH 

3.26 

1.60 

3.40 

-0.42 

1.73 

4.70 

-0.57 

-NH2 

5.15 

1.85 

3.65 

-0.52 

1.36 

2.10 

-0.29 

-NO2 

6.42 

2.02 

3.82 

-0.66 

9.92 

1.80 

-0.79 

-coo- 

5.93 

2.10 

3.90 

-0.53 

1.26 

5.30 

-0.52 

"  The  following  molar  refractions  were  used:  R^ 
1.65.  The  electron  numbers  were  estimated  to  be:  Z^ 


3.67,  R^  =  15.84,  and  Rjj  = 
.jj  -  -,  Z^  =  8,  Zp^  =  8,  and  Z^  =  18 
for  NO,  and  COO",  and  8  for  the  rest,  leading  to  Z^=^  Z^=  12  for  NO2  anc  COO" 
and  8  for  the  rest,  and  Z3  =  Z4  —  4.  The  average  radius  of  antibody  groups  was  taken 
as  1.8  A.  Interaction  of  the  hapten  group  with  three  water  molecules  was  assumed. 
The  combining  constants,  Kg{\)  were  averages  obtained  from  Pressman  and  Siegel 
(1953)  and  were  corrected  for  nonspecific  binding  to  serum;  the  A'o'(2)'s  were  obtained 
from  Xisonoff  and  Pressman  (1957).  A'o'(l)'s  are  for  antibody  to  p-azophenylarsonate 
and  A'o'(2)'s  are  for  antibody  to  ^^-phenylazobenzoate. 


The  procedure  used  in  these  calculations  was  developed  by  Pauling  and 
Pressman  (1945)  and  the  modifications  introduced  here  were  made  to  in- 
corporate more  accurate  values  of  K^  (Pressman  and  Siegel,  1953)  and  i2  4, 
as  well  as  to  apply  the  extended  eciuations  derived  in  the  previous  sections. 
The  agreement  with  experiment  is  gratifying  and  ])rovides  a  certain  amount 
of  confidence  in  the  equations  and  the  assumptions  upon  which  the  treat- 
ment is  based. 
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Determination  of  Electrostatic  Interactions  of  Ionic  Groups 
Antibody  to  p-azophenyltrimethylammoniiim  ion 

-N=N-<p-N(CH3)3+ 

was  reacted  with  two  haptens  that  were  identical  except  one  contained 
the  trimethylamnioniuni  ionic  group  and  the  other  a  neutral  tertiary 
butyl  group. 

,        /CH3  yCH3 

The  former         R-X=N-^\- N^CH3  R-N=N-^^\-C^CH3 

was  bound  more  tightly  and  this  difference  may  be  attributed  to  the  elec- 
trostatic attraction  between  the  positively  charged  hapten  and  a  negative 
antibody  group.  The  ratio  of  the  combining  constants  is  8.0  and  hence  the 
binding  energy  difference  is  1.15  kcal/mole  (Pressman  et  al.,  1946;  Pressman 
and  Siegel,  1953).  The  distance  between  charge  centers  was  calculated  to 
be  8  A,  leaving  approximately  3  A  separation  between  the  van  der  Waals' 
surfaces  of  the  ionic  groups,  sufficient  space  to  accomodate  a  molecule  of 
water.  However,  since  the  reaction  occurred  in  a  physiological  medium, 
the  effect  of  the  ion  atmosphere  should  be  taken  into-  account.  Using  Eq. 
6-90,  an  equilibrium  distance  d^  between  charge  centers  of  6.35  A  is  obtained. 
If  the  groups  interact  head-on,  0.6  A  must  be  added  to  this  as  the  distance 
from  the  charge  center  to  the  carbon-atom  of  the  carboxylate  group, 
giving  6.95  A  as  the  distance  between  group  centers.  The  plot  of  Eq.  6.90 
is  shown  in  Fig.  6-17  to  facilitate  such  calculations  of  d^.  The  distance  of 
closest  head-on  approach  would  be  5.32  A,  using  the  van  der  Waals'  radii 
in  Table  6-9;  if  interaction  were  along  the  C— 0  and  N— C  bond  directions, 
the  distance  would  be  5.10  A,  this  being  the  maximal  distance  when  the 
groups  are  in  contact.  There  is,  however,  an  energy  term  that  has  been 
omitted;  the  — N(CH3)3"^  group  will  attract  water  molecules  more  strongly 
than  the  —C( 0113)3  group,  and  some  energy  may  be  necessary  to  displace 
these.  If  this  displacement  energy  amounted  to  only  0.7  kcal/mole,  making 
the  true  ion-ion  interaction  energy  1.85  kcal/mole,  the  calculated  separation 
would  be  that  for  head-on  contact.  It  seems  likely  that  these  ionic  groups 
interact  directly  without   interposed   water  molecules. 

A  similar  determination  was  made  with  antibody  to  p-(/y-azoplienylazo)- 
benzoate  and  haptens  that  were  identical  except  that  one  had  a  terminal 
negatively  charged  benzoate  group  and  the  other  a  terminal  nitrobenzene 
group;  the  former  was  bound  very  tightly  with  a  Kq  =  89  and  the  latter 
was  bound  so  weakly  that  the  K^  could  not  be  determined  but  was  less 
than  0.01.  The  difference  in  binding  energy  is  thus  at  least  5.0  kcal/mole 
and  possibly  more.  Reference  to  Fig.  6-17  shows  that  this  indicates  a  charge 
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separation  of  3.70  A  or  a  group  center  separation  of  approximately  4.30  A. 
Van  der  Waals'  radii  give  minimal  separation  of  3.85  A  and  maximal  se- 
paration of  4.56  A,  depending  on  the  orientation  of  the  groups,  so  that 


Fig.  6-17.  Plot  of  Eq.  6-90  for  ion-ion  interactions,  assuming  that 

jU  =  0.16,  for  the  purpose  of  estimating  equihbrium  distances  from 

experimental  interaction  energies. 

the  calculated  value  is  in  very  satisfactory  agreement  assuming  direct 
group  contact.  These  results  are  very  similar  to  those  calculated  by  Nis- 
onoff  and  Pressman  (1957). 


Specificity  of  the  Ionic  Group 

Antibody  to  the  p-azophenylarsonate  group  will  react  equally  with  the 
corresponding  phosphonate  group,  but  will  not  react  with  sulfonate,  car- 
boxylate,  methylarsonate,  or  stibonate  groups  (Pressman  et  al.,  1945). 
Antibodies  to  the  benzoate  group  will  similarly  not  combine  with  the  cor- 
responding sulfonate  or  arsonate  (Nisonoff  and  Pressman,  1957).  In  the 
former  case  the  specificity  is  surprising  inasmuch  as  the  sulfonate  and 
carboxylate  groups  are  smaller  than  the  arsonate  group  and  would  be 
expected  to  fit  in  satisfactorily.  The  difference  in  binding  energy  between 
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these  groups  cannot  be  estimated  (since  Kq  for  sulfonate  and  carboxylate  is 
given  as  0),  but  it  is  certainly  greater  than  2.5  kcal/mole.  Since  steric 
factors  reducing  the  interaction  of  sulfonate  and  carboxylate  cannot  be 
important,  there  must  be  forces  other  than  ion-ion  attraction  to  stabilize 
the   arsonate   complex.   Hydrogen  bonds  between  the  arsonate 


(— As^O") 


or  phosphonate 


(-P^O   ) 


groups  with  an  adjacent  :X  group  on  the  antibody  surface  might  account 
for  part  of  this  difference  but  not  all.  In  any  event,  it  is  a  very  interesting 
example  of  ionic  specificity  and  similar  situations  will  be  found  in  enzyme- 
inhibitor  interactions. 

Effect  of  the  Ionic  Group  Size 

The  antibody  to  j5-azophenyltrimethylammonium  comljines  more  weakly 
with  haptens  as  the  size  of  the  charged  group  is  increased  (Pressman  et 
al.,  1946;  Pres.sman,  1957).  The  experimental  combining  constants,  Kq, 
are  given  in  Table  6-20  and  calculations  based  on  head-on  interaction  with 
a  carboxylate  ion  are  given,  using  Eq.  6-90  to  account  for  the  effect  of  the 
ion  atmosphere.  It  is  seen  that  the  predicted  Kq"s  are  quite  in  accord  with 


Table  6-20 
Effect  of  Ionic  Group  Size  ox  Hapten-Antibody  Interaction  " 


Group 

Radius 

(A) 

de 

(A) 

(Pe 

(kcal/mole) 

Calculated 

Experimental 
Ko' 

+  /CH3 

-N^CHa 

CH3 

3.17 

5.32 

1.86 

1.00 

1.00 

+   /CH3 

-As(-CH3 

CH3 

3.68 

5.83 

1.45 

0.48 

0.49 

+  yCHaCHg 
-N^CH,CH3 

4.17 

6.32 

1.17 

0.29 

0.22 

"  The  ionic  group  radii  were  calculated  on  the  basis  of  head-on  approach.  The 
combining  constant  Kg'  for  the  trimethylammonium  ion  is  assumed  to  be  unity  in 
both   cases. 
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the  experimental  values,  from  which  it  is  probable  that  the  reduced  inter- 
action energy  is  indeed  due  to  the  increasing  separation  between  the  charge 
centers. 

Effect  of  Group  Position  on  Interaction  Energy 

The  antibody  binding  site  for  the  antigenic  group  must  be  patterned 
quite  closely  to  the  van  der  Waals'  surface  of  this  group  because  replace- 
ment of  the  small  hydrogen  atom  on  a  benzene  ring  by  a  large  group  reduces 
the  interaction  energy.  The  energy  decrease  attending  the  substitution  of 
a  chlorine  atom  is  pictured  in  Fig.  6-18  for  a  typical  hapten-antibody 
interaction.  The  fact  that  different  energy  decreases  are  observed  for  the 


Fig.  6-18.  The  steric  repulsion  energies  for  cliloro-siibstituted  haptens  reacting  with 
antibodies  to  o-,  7n-,  and  ^j-azophenylazobcnzoate.  The  numbers  show  the  decrease  in 
over-all  binding  energy  when  chlorine  atoms  are  substituted  in  the  positions  indi- 
cated; the  values  are  in  cal/mole  and  have  been  recalculated  from  the  combining  con- 
stants given  by  Pressman  et  al.  (1954).  The  outlines  give  approximately  the  van  der 
Waals'  contovu's  of  the  antigenic  groups. 


various  ring  positions  means  that  the  closeness  of  fit  of  the  antibody  around 
the  hapten  is  not  the  same  everywhere.  It  is  generally  true  that  ortho  substi- 
tution produces  the  greatest  energy  change,  indicating  that  the  fit  is  closer 
here  than  in  the  meta  position,  as  is  seen  in  Table  6-21  where  the  results 
with  substituted  benzoates  are  given.  Para  substitution  results  in  increased 
binding,  of  course,  because  the  group  then  fits  in  the  region  formed  around 
the  —  N=N—  group.  An  increase  in  size  from  the  hydrogen  atom  to  the 
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chlorine  atom  (0.6  A)  results  in  1.22  kcal/mole  less  binding  energy  in  the 
o-position  and  the  larger  groups,  such  as  —  I  or  —  NO.,,  produce  an  even 
greater  effect.  The  origin  of  this  effect  may  be  sought  in  three  possible 
contributions:  (1)  the  substituent  group  may  prevent  the  adjacent  parts 
of  the  hapten  molecule  from  approaching  as  closely  to  the  antibody  as 
with  the  unsubstituted  compound,  (2)  the  substituent  group  may  tilt  the 
plane  of  the  benzene  ring  so  that  it  and  the  planar  carboxylate  group  are 
not  oriented  for  maximal  interaction,  and  (3)  the  substituent  group  may 
dilate  that  region  of  the  enclosing  antibody,  a  process  requiring  energy. 
The  important  conclusion  is  that  binding  will  be  increased  by  a  substituent 
group  only  when  there  is  space  for  it  to  occupy.  Such  large  steric  energies 

Table  6-21 
The  Effect  of  Substituents  on  Ben zo ate   Interaction  with   the   Antibody 

TO     29-(2>'-AzOPHENyLAZO)-BENZOATE    '^ 


Change  in  free  energy 

Group 

Ortho 

Meta 

Para 

(kcal/mole) 

(kcal/mole) 

(kcal/mole) 

-CH3 

+  1.94 

+0.86 

-0.32 

-CI 

+  1.22 

+0.46 

-0.92 

-I 

+2.40 

+0.69 

-1.21 

-NO, 

>+2.50 

+  1.17 

-0.32 

-COO" 

>+2.50 

+0.06 

-0.92 

"  From  NisonofE  and  Pressman  (1957). 


indicate  that  hapten-antibody  interactions  must  generally  occur  within 
cavities  or  trenches.  The  effects  of  substitution  on  interactions  with  a  re- 
latively flat  protein  surface  would  be  expected  to  be  of  lesser  magnitude. 
With  respect  to  position  effects,  it  is  worthwhile  mentioning  that  separa- 
tion of  the  benzene  ring  from  the  charged  group  by  one  —  CH.,—  group 
results  in  loss  of  binding.  Thus  cp  — CH2— AsOgH"  is  not  bound  to  the  an- 
tibody for  p-azophenylarsonate,  whereas  cp— AsOgH"  is  readily  bound 
(Pressman,  1957).  Likewise,  cp  — CH^— COO"  is  not  bound  to  antibody 
for  p-(p'-azophenylazo)-benzoate,  while  cp— COO"  is  bound  (Nisonoff  and 
Pressman,  1957).  Such  increased  separation  would  result  in  displacement 
of  the  benzene  ring  or  the  charged  group  or  both  from  the  closely  fitting 
antibody  region.  The  benzene  ring  is  necessary  for  hapten  binding,  smce 
Ko'  is  zero  for  both  CHg-AsOgH"  and  CHg-COO",  indicating  that  the 
ring  contributes  at  least  2.5  kcal/mole  to  the  total  binding  energy.  The 
antibody  to  the  p-azophenyltrimethylammonium  group  reacts  well  with 
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cp— ■^N(CH3)3  but  not  with  CH3  — "^N(CH3)3,  the  difference  in  binding  energy 
being  4.7  kcal/mole  (Pressman  et  at.,  1946).  Induction  forces  involving  the 
benzene  ring  are  of  primary  importance  in  the  binding  of  these  haptens. 

Effect  of  Hydration  on  Hapten-Antibody  Binding 

We  noted  previously  that  the  free  energy  for  binding  of  the  divalent 
hapten  "HOgAs-cp-NHCO-cp-CONH-cp-AsOgH"  to  antibody  for 
p-azophenylarsonate  is  mainly  derived  from  the  entropy  change  due  to 
water  displacement,  and  such  must  occur  to  a  greater  or  lesser  extent  in 
all  combinations  of  hapten  and  antibody.  However,  when  water  is  bound 
tightly  to  a  group  on  the  hapten,  so  that  it  is  not  displaced  upon  interaction, 
it  alters  the  contour  of  the  molecule  much  as  a  substituent  group  would 
do.  This  is  clearly  seen  when  a  pyridine  ring  replaces  the  benzene  ring  of 
haptens  reacting  with  antibody  to  the  azobenzoates  (Pressman  and  Siegel, 
1957).  The  pyridine  carboxylates,  for  example,  are  bound  with  1.2-1.5 
kcal/mole  less  energy  than  benzoate  to  the  antibody  for  o-azobenzoate. 
These  effects  are  greater  than  occur  upon  substitution  of  a  chlorine  atom 
on  the  benzene  ring,  indicating  that  the  pyridine  nitrogen  atom  has  a 
greater  effective  size  than  the  chlorine  atom,  which  could  result  only 
from  the  hydration  of  the  pyridine.  It  is  known  that  pyridine  is  hydrated  in 
aqueous  solution  from  the  fact  that  it  is  miscible  with  water  whereas  ben- 
zene is  only  slightly  soluble;  the  heat  of  hydration  of  pyridine  is  12  kcal/ 
mole.  Thus  one  cannot  always  consider  just  the  contour  of  the  hapten  mol- 
ecule itself  but  the  spatial  modifications  produced  by  hydration. 


INTERACTION    OF    SUBSTRATES    AND    INHIBITORS    WITH 

CHOLINESTERASE 

The  quantitative  approach  to  the  treatment  of  hapten-antibody  inter- 
actions was  presented  by  Pauling  in  lectures  at  Oxford  in  1948.  He  pointed 
out  that  this  method  was  applicable  to  enzymes  and  Adams  and  Whit- 
taker  published  from  Oxford  in  1950  the  original  treatment  of  enzyme 
complexes  in  terms  of  intermolecular  forces.  The  enzyme  cholinesterase 
was  convenient  to  use  for  this  purpose  and  since  that  time  several  investi- 
gations have  been  directed  toward  the  elucidation  of  the  active  site  and 
the  forces  it  exerts  on  both  substrates  and  inhibitors. 

Electrostatic  Interaction  of  Ionic  Groups 

The  true  erythrocyte  cholinesterase,  which  splits  acetylcholine  and  other 
choline  esters  at  a  very  rapid  rate,  would  appear  to  possess  within  its  active 
site  an  anionic  group,  presumably  a  carboxylate  ion,  which  reacts  with  the 
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cationic  group  of  the  substrate.  The  evidence  lies  mainly  in  the  different 
bindings  of  ionic  and  nonionic  substrates  and  inhibitors  to  the  enzyme,  and 
in  the  effects  of  pH  and  ionic  strength  on  the  binding.  There  is  some  dis- 
agreement as  to  whether  there  are  one  or  two  anionic  groups  on  the  true 
cholinesterase:  Wilson  (1957)  believes  that  the  results  are  compatible  with 
a  single  anionic  site  while  Bergmann  (1958)  has  brought  forth  reasons  for 
assuming  that  two  such  groups  interact  with  a  single  cationic  substrate  or 
inhibitor.  Before  discussing  this  problem  further,  let  us  consider  the  results 
obtained. 

Three  general  methods  have  been  used  to  estimate  the  magnitude  of  the 
ion-ion  interaction:  (1)  the  comparison  of  cationic  substrates  or  inhibitors 
with  the  uncharged  analogs,  (2)  the  determination  of  the  difference  in 
binding  at  two  pH's  sufficiently  apart  so  that  the  substrate  is  charged  at 
one  pH  and  uncharged  at  the  other,  and  (3)  the  comparison  of  inhibition 
of  true  and  pseudocholinesterase  by  a  cationic  inhibitor,  inasmuch  as  the 
latter  enzyme  does  not  have  an  anionic  group  (or  has  one  less  than  the  true 
cholinesterase).  The  results  of  such  study  are  summarized  in  Table  6-22 
and  calculations  of  the  equilibrium  interaction  distance  are  given  for  as- 
sumptions of  either  one  or  two  anionic  sites.  The  average  charge  separation, 
assuming  one  anionic  group  at  the  active  site,  is  5.55  A;  this  would  imply 
an  approximate  distance  of  6.15  A  between  the  N+  and  the  carbon  atom 
of  the  carboxylate  group,  which  is  very  close  to  the  separation  at  contact 
of  the  van  der  Waals'  surfaces.  If  two  anionic  groups  are  assumed  on  true 
cholinesterase,  the  calculated  separation  of  7.18  +  0.6  =  7.78  A  would 
not  allow  the  interposition  of  a  water  molecule  and  it  must  be  concluded 
that  the  data  in  Table  6-22  point  to  a  single  anionic  group.  The  pseudo- 
cholinesterase would  then  possess  no  anionic  group  immediately  adjacent 
to  the  interacting  cationic  group.  The  calculations  of  dg  from  the  K^  of 
tetramethylammonium  ion,  obtained  by  extrapolation  from  higher  analogs, 
made  by  Bergmann  (1958)  are  probably  not  valid  since  no  account  was 
taken  of  interactions  other  than  ion-ion.  Bergmann  stated  that  van  der 
Waals'  forces  cannot  make  an  important  contribution  to  these  inter- 
actions, but  this  is  certainly  incorrect,  especially  when  the  displacement  of 
water  from  the  groups  is  considered. 

Interactions  of  Alkylammonium  Ions  with  Cholinesterase 

The  possibility  of  determining  the  dispersion  contribution  to  the  inter- 
action energy  of  the  —  N(CH3)3^  end  of  the  acetylcholine  molecule  led 
Wilson  (1952  a)  to  examine  the  relative  inhibitory  potencies  of  variously 
substituted  ammonium  ions.  The  results  are  shown  in  Table  6-23.  Removal 
of  one  methyl  group  from  the  tetramethyl  compounds  does  not  reduce  the 
binding,  which  indicates  that  the  entire  group  does  not  fit  into  a  cavity 
but  that  one  methyl  group  is  directed  away  from  the  surface.  Removal  of 
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further  methyl  groups  reduces  the  binding  energy;  the  average  reduction 
per  methyl  group  is  1.14  kcal/mole.  Wilson  interpreted  this  energy  dif- 
ference as  due  to  dispersion  forces  between  the  methyl  groups  and  the  pro- 
tein. However,  Bernhard  (1955)  calculated  that  this  is  about  0.7  kcal/mole 
more  than  expected  from  dispersion  forces.  Using  Eq.  6-17,  the  dispersion 
energy  for  interaction  of  a  methyl  group  with  protein  is  —  0.58  kcal/mole, 


Table  6-22 
Ion-Ion  Interactions  for  True  Cholinesterase  " 


Compounds  tested 


(1)  Nicotinamide  and 
iV-methylnicotinamide 

(2)  Isoamyl  alcohol  and 
dimethylethanolammonium 

(3)  3,3-Dimethylbutyl  acetate 
and  acetylcholine 

(4)  Physostigmine  at  pH  6 
and  pH   10 

(5)  Dimethylaminocthyl  acetate 
at  pH  6  and  pH   10 

(6)  ChoHne  on  true  and 
pseudocholinesterase 

(7)  Tetramethylamnioniuin  ion 
on  true  and  pseudocholin- 
esterase 

(8)  Tetraalkylammonium     ions 
extrapohited  to  tetra- 
methyhininioniuin  ion 


AF 

K„/K^ 

(kcal/ 

mole) 

8 

-1.23 

30 

-2.01 

31 

-2.10 

8 

-1.23 

8 

-1.2 

20 

-1.77 

16 

-1.6-1 

20 

-1.77 

29 

-1.99 

18 

-1.71 

- 

- 1 .  60 

Calculated  equihbrium 
distance 


Vahies  in 
Uterature 

(A) 


5.8 
5.0 
5.6 
6.6 
6.6 
6.5 
5.4 

6.5 

(5.3) 


From  Eq.  6-85 


n  =  1 

(A) 


(6.6) 
Averages 


6.15 

5.15 

6.15 
5.38 
5.55 

5.38 

5.17 

5.45 

5.60 
5.55 


7.83 

6.65 

7.83 
7.00 
7.17 

7.00 

6.67 

7.05 

7.40 


7.18 


Ref." 


(a) 
(b) 
(c) 
(b) 
(c) 
id) 
(a) 

id) 

(e) 


(/) 


(/) 


"  Kg/K^  is  the  ratio  of  the  dissociation  constants  of  tlie  substrates  or  inhibitors 
used  and  n  is  the  number  of  anionic  groups  assumed  on  the  enzyme  site.  The  vahies 
of  dg  from  the  literature  include  correction  for  the  ion  atmosphere  except  for  those  in 
parentheses.  The  values  oid^  in  the  last  two  columns  were  estimated  from  Fig.  6-17. 
The  AF  in  (8)  is  for  one  anionic  group,  inasmuch  as  the  total  interaction  energy  was 
determined  and  a  value  of  n  =  2  was  assumed. 

*  References:  (a)  Wilson  (1957),  (6)  Wilson  (1952  a),  (c)  Bernhard  (1955),  {d)  Wilson 
and  Bergmann  (1950),  (e)  Adams  and  Whittaker  (1950),  (/)  Bergmann  (1958). 
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Table  6-23 

Inhibition  of  Eel  Electric  Organ   Cholinesterase  by   Alkylammonium  and 
Alkylethanolammonium  Ions  " 


_^ 

_^ 

^ 

t       2 

a. 

^      1         0 

>           0 

Inhibitor 

S 

fe<  S 

ti  f<(  s 

Inhibitor 

s 

fe,  S 

l^^-^ 

la 

^""^ 

^■3 

1^13 

"? 

""^ 

^^ 

1^^ 

0 

^ 

0 

«       ^ 

fi" 

^ 

0 
-« 

P?          ^ 

" 

' 

CH3 

CH3 

H3C-X-CH3 

18 

1.62 

-3.79 

0 

H-N-CHICH2CH3 

4 

0.36 

-4.68 

-0.89 

CH3 

CH3 

CH3 

CH3 

1            + 

1            + 

H-N-CH3 

1 

15 

1.34 

-3.90 

-0.11 

H3C-X-CH2CH2OH 

5 

0.45 

-4.55 

-0.76 

1 
CH3 

CH3 

H 

CH3 

1 

1            + 

H— X-CH3 

120 

10.8 

-2.67 

+  1.12 

H-X-CH2CH3OH 

5 

0.45 

-4.55 

-0.76 

CH3 

CH3 

H 

H 

1           + 

1           + 

H-N-CH3 

700 

63.0 

-1.63 

+2.16 

H-X-CH2CH2OH 

70 

6.30 

-2.99 

+0.80 

H 

CH3 

C,H, 

H 

1            -1- 

1           + 

HaC.-X-CH, 

5 

0.45 

-4.55 

-0.76 

H-X-CH2CH2OH 

280 

25.2 

-2.17 

+  1.62 

C,H, 

H 

"  Data  from  Wilson  (1952  a).  The  relative  free  energy  values  were  all  calculated  on 
the   basis   of  tetramethvlanimonium   ion   as   zero. 
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which  leads  to  a  discrepancy  of  0.56  kcal/mole,  close  to  the  value  given  by 
Bernhard.  Bergmann  (1958)  considered  the  energy  reduction  in  removing  a 
methyl  group  to  result  from  the  greater  hydration  of  the  cationic  group. 
It  was  felt  that  the  methylated  nonhydrated  ammonium  ion  could  approach 
the  anionic  site  more  closely  than  the  hydrated  forms.  It  is  likely  that  dis- 
tance of  approach  is  not  the  only  factor  but  the  effect  of  hydration  must 
be  important  and  is  perhaps  responsible  for  the  0.56-0.7  kcal/mole  deficit 
noted  above. 

The  increased  binding  of  N(C2ll5)4'^  over  N(CIl3)4^  must  be  accounted 
for  on  the  basis  of  greater  dispersion  energy.  Since  the  radius  of  the  former 
ion  is  greater,  the  ion-ion  interaction  energy  must  be  somewhat  less;  cal- 
culation leads  to  0.25  kcal/mole  less  based  on  a  1  A  increase  in  radius.  This 
must  be  added  to  the  relative  AF,  giving  —  1.01  kcal/mole  for  the  extra 
dispersion  energy,  which  is  equivalent  to  —  0.34  kcal/mole  for  each  — CHg— 
group,  a  very  reasonable  value.  The  increased  binding  of  the  dimethyl- 
propyl  over  the  trimethylammonium  ion  should  be  due  to  the  dispersion 
energy  from  — CH.jCIIa— ,  which  would  be  predicted  to  be  2x0.34  = 
0.68  kcal/mole,  which  compares  with  the  experimental  value  of  0.78  kcal/ 
mole.  The  failure  of  the  ethanol  group  to  be  bound  more  tightly  than  the 
propyl  group  indicates  that  no  hydrogen  bond  is  formed  by  the  hydroxyl 
group  with  the  protein. 

Dispersion  Interaction  of  Substituted   Halogen  Groups 

If  the  plasma  cholinesterase  contains  no  anionic  group  at  the  active 
site,  attraction  between  the  enzyme  and  substrate  must  be  due  to  dipolar 
and  dispersion  forces,  and  the  magnitude  of  these  forces  will  depend  on  the 
dipole  moments  and  polarizabilities  of  the  substrates.  In  order  to  test 
this,  Adams  and  Whittaker  (1950)  compared  the  affinities  of  the  enzyme 
for  esters  of  chloroacetate  and  bromoacetate  with  similar  esters  of  pro- 
pionate. 

R-O-CO-CH2-CH3        R-O-CO-CH2-CI         R-O-CO-CHj-Br 

The  results  are  shown  in  Table  6-24.  Their  calculations  show  that  dispersion 
forces  can  account  for  the  different  binding  energies  with  the  plasma  cho- 
linesterase. The  calculated  energy  values,  obtained  from  Table  6-19  agree 
almost  exactly  with  the  experimental  figures. 

The  energy  differences  for  the  erythrocyte  enzyme  are  more  difficult 
to  interpret.  Adams  and  Whittaker  assumed  that  the  increased  energy 
difference  over  the  plasma  enzyme  was  due  to  the  fact  that  the  erythrocyte 
enzyme  possessed  an  anionic  group  which  would  interact  with  dipoles  and 
induced  dipoles  in  the  substituted  groups.  However,  the  relative  changes 
for  the  CI  and  Br  groups  are  in  the  opposite  direction  from  that  expected 
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Table  6-24 

Interaction   Energies   or   Substituent    Halogen    Groups   with   Plasma   and 

Erythrocyte  Cholinesterase  " 


Plasma 
cholinesterase 

Erythrocyte 
cholinesterase 

A'ci/A'cH3 

Experimental  AFci  —  /^^CHs 

Calculated  zli^ci  -  J^CHg 

Kbt/Kob.3 

Experimental  Ji^Br  —  J^CHj 

Calculated  Ji^Br  —  ^^CHg 

1.31 
-0.16 
-0.16 

1.76 
-0.33 
-0.31 

3.80 
-0.79 
-0.63 

2.26 
-0.48 
-0.74 

"  The  subscripts  refer  to  the  compounds  compared  and  specifically  to  the  substi- 
tuted group  on  the  acetate  radical;  both  butyl-  and  isoamylesters  were  averaged 
from  the  data  of  Adams  and  Whittaker  (1950).  The  calculated  differences  in  free 
energy  between  the  groups  for  the  plasma  enzyme  were  obtained  from  Table  6-19. 
The  calculations  for  the  erythrocyte  enzyme  assume  maximal  ion-dipole  interaction: 
Eq.  6-57  was  used  with  the  following  values  —  /<c-cl  =  -••^'  /'C-Br  =  2.2,  d^  —  4.43  A 
for  C-Cl  and  4.52  A  for  C-Br.  and  D  =  14.3.  The  dipole  moment  of  the  C-CH3 
bond  was  considered  negligible  for  this  interaction.  The  configuration  assumed  was: 


0  ^ 

C+  -  C+ 


/ 


on  the  basis  of  their  polarizabilities;  the  ion-dipole  energies  for  the  C— CI 
and  C— Br  dipoles  would  be  roughly  the  same  inasmuch  as  the  dipole  mo- 
ments are  similar.  Furthermore,  if  these  substances  are  bound  like  the 
acetylcholine  molecule,  the  anionic  site  would  be  expected  to  be  at  some 
distance  removed  from  these  substituted  groups.  If  they  are  not  bound  in 
this  manner,  the  anionic  site  could  interact  with  both  the 


-     -f/ 
0=C 

\ 

group  and  the  terminal  dipole,  increasing  the  stability  of  the  complexes, 
the  chlorine  derivative  being  somewhat  more  stable  than  the  bromine 
derivative  due  to  its  slightly  higher  dipole  moment.  In  this  position,  the 
substituent  groups  might  not  interact  with  the  protein  and  the  dispersion 
contribution  from  them  might  be  neglected.  The  calculation  for  the  ion- 
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dii)ole  contributions  is  approximate  since  the  dielectric  constant  is  difficult 
to  estimate  in  this  situation  and  provides  over-all  energy  differences  which 
could  not  be  satisfactory  for  both  chlorine  and  bromine  derivatives.  Some 
factor,  other  than  ion-dipole  interaction,  must  be  involved  here. 

Dispersion   Energy  of  Benzene   Ring  and  Cholinesterase 

The  inhibition  constant  K^  for  H-N(CH3)3+  is  1.34  mM  (Wilson,  1952a) 
and  for  cp-N(CH3)3+  is  0.038  mM  (Wilson  and  Quan,  1958).  This 
corresponds  to  an  energy  difference  of  2.10  kcal/mole  which  probably 
can  be  attributed  to  dispersion  forces  between  the  benzene  ring  and  the 
adjacent  protein.  Calculation  of  the  average  interaction  distance  can  be 
made  using  Eq.  6-116  and  assuming  the  following  values:  R^y  =  3.67, 
R,,,,  =  25.11,  R,,  =  1.65,  7?,,„,  =  21.12,  Z„.  =  8,  Z,,„,  ==  24,  Z,,  =  2, 
^i:rot  =  8,  and  n  =  4.  It  is  probable  that  the  benzene  ring  lies  flat  on  the 
protein  surface  and  thus  interacts  with  one  side  only.  The  distance  d^ 
is  found  to  be  4.16  A,  which  is  reasonable,  inasmuch  as  the  closest  approach 
would  be  3.65  A  and  it  is  unlikely  that  there  is  exact  fit  between  the  ben- 
zene ring  and  the  protein. 

Effect  of  Substituent  Position  on  Interaction   Energy 

The  inhibition  constants  for  various  substituted  phenyltrimethylam- 
monium  ions  were  determined  by  Wilson  and  Quan  (1958)  and  are  shown 
in  Table  6-25  with  the  calculated  free  energy  differences  using  the  unsub- 
stituted  ion  as  a  standard.  The  introduction  of  an  hydroxyl  group  in  the 
3-position  increases  the  binding  energy  by  2.84  kcal/mole,  indicating  the 
formation  of  a  hydrogen  bond  between  this  hydroxyl  group  and  some 
adjacent  group  on  the  protein.  That  this  is  a  strong  hydrogen  bond  rather 
than  a  dispersion  interaction  is  suggested  by  the  magnitude  of  the  energy 
difference,  the  fact  that  the  corresponding  methyl  and  methoxy  compounds 
are  much  less  tightly  bound,  and  the  poorer  binding  of  the  2  — OH  and 
4— OH  derivatives.  The  hydrogen  bond  could  be  formed  with  the  hydroxyl 
hydrogen  atom  in  one  of  the  following  two  positions: 

Z 

I 

H 


H 


N(CH3)3+  N(CH3)3^ 

(I)  (II) 
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The  second  is  considered  more  likely  because  of  the  stronger  binding  of  the 
2  — OH  compared  to  the  4  — OH  derivative;  the  hydroxy  1  group  in  the  2-po- 
sition  could  form  a  weaker  hydrogen  bond  with  the  Z  group  but  the  hydroxyl 
in  the  4-position  could  not.  This  indicates  that  one  factor  in  the  relative 
binding  of  differently  substituted  derivatives  is  the  orientation  of  the 
group  with  respect  to  certain  protein  groups  with  which  it  may  interact. 

Table  6-25 

BrS'DIXG  OF  PHEXYLTRIMETHYLAMMOXir.M  DERIVATIVES  TO   ChOLIXESTERASE   "^ 


Relative 

Compound 

imM) 

binding  energy 

(kcal/mole) 

LJI3 

0.038 

~ 

3-OH- 

0.00031 

-2.84 

4-OH- 

0.023 

-0.29 

2-OH- 

0.0052 

-1.17 

3-CH3O- 

0.0075 

-0.96 

4-CH3-3-OH- 

0.000099 

-3.51 

5-CH3-3-OH- 

0.00062 

-2.42 

6-CH3-3-OH- 

0.0009 

-2.21 

6-CH3O-3-OH- 

0.00052 

-2.53 

4-CH3O-3-OH- 

0.00117 

-2.06 

4-CH3- 

0.029 

-0.16 

3-CH3- 

0.012 

-0.68 

2-CH3- 

0.041 

+0.04 

0.091 

+0.51 

^     J)  — CHj  — X^CHj 
^     \                   ^CH3 

0.022 

-0.32 

"  Data  taken  from  Wilson  and  Quan  (1958).  The  relative  binding  energies  were 
calculated  with  the  phenyltrimethylammonium  ion  as  the  standard,  and  the  deriv- 
atives given,  with  the  exception  of  the  last  two,  are  all  of  this  compound.  The  K^?, 
were  obtained  from  inhibition  studies  on  eel  electric  organ  acetylcholinesterase. 


Introduction  of  further  groups  into  the  3  — OH  derivative  generally 
reduces  the  binding  energy,  pointing  to  steric  interference  with  the  approach 
of  the  ring  to  the  protein  surface.  However,  the  4— CH3  — 3  — OH  derivative 
is  bound  more  tightly  than  the  3  — OH  derivative  by  0.67  kcal/mole.  Since 
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the  4— CH3  derivative  is  only  0.16  kcal/mole  more  stable  than  the  unsub- 
stituted  ion,  it  may  be  concluded  that  0.51  kcal/mole  originates  from  the 
steric  effect  the  4— CH3  group  has  on  the  3  — OH  group,  making  config- 
uration (II)  above  statistically  more  probable  and  more  favorable  to 
hydrogen  bond  formation. 

Separation  of  the  benzene  ring  from  the  trimethylammonium  ionic  group 
by  one  —  CHg—  group  leads  to  a  reduction  in  binding  as  it  did  in  the 
hapten-antibody  interactions  discussed  previously.  However,  the  fit  here 
on  the  enzyme  is  not  as  critical  and  only  0.68  kcal/mole  is  lost  from  the 
binding  energy  by  this  separation. 

INTERACTION   FORCES  IN  VARIOUS  ENZYME  SYSTEMS 

Four  more  enzyme  systems  will  be  briefly  discussed  to  illustrate  the 
various  types  of  interactions  and  the  problems  involved  in  the  calculations 
of  the  binding  energies. 

Inhibitors   of  Carboxypeptidase 

Ion-ion  type  interaction  is  known  to  be  important  in  the  binding  of 
substrates  and  inhibitors  to  peptidases  but  Smith  et  al.  (1951)  have  presented 
evidence  that  van  der  Waals'  forces  are  also  involved.  The  inhibition  con- 
stants and  calculated  binding  energies  for  a  number  of  compounds  with 
crystalline  pancreatic  carboxypeptidase  are  shown  in  Table  6-26.  Car- 
bobenzoxyglycol  amino   acids  are   hydrolyzed  by  the  enzyme  as  follows: 

O  0  I  R 

Jl  II!       I 

<p-CH2-0-C-NH-CH2-C-NH-CH-COO~ 

I 
I 

Si)litting  occurs  at  the  dotted  line  and  the  nature  of  the  K-chain  is  important 
in  determining  the  rate  of  the  reaction.  Interactions  of  the  terminal  —COO 
and  the  peptide  carbonyl  group  probably  occur,  but  van  der  Waals'  inter- 
action of  the  R-chain  provides  a  significant  contribution  to  the  total  binding 
energy.  Some  insight  into  these  interactions  may  be  obtained  from  a  study 
of  the  inhibitors  in  Table  6-26. 

The  differences  in  the  binding  energies  of  these  inhibitors  may  be  attri- 
buted mainly  to  van  der  Waals'  forces,  and  particularly  to  dispersion  forces. 
A  side-chain  of  sufficient  size  on  the  —COO"  group  is  necessary  for  binding, 
inasmuch  as  acetate  is  scarcely  bound.  In  the  aliphatic  acid  series,  the 
addition  of  a  — CH.2—  group  results  in  about  1.5  kcal/mole  more  binding 
energy  from  acetate  to  butyrate,  but  further  additions  have  little  effect. 
One  might  conclude  that  there  is  a  region  on  the  enzyme,  about  6-8  A  from 
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Table  6-26 
Relative  Binding  Energies  of  Inhibitors  to  Carboxypeptidase  " 


Inhibitors 


CHjCH^-COO" 
CHgCHaCHj-COO" 
CHaCHsCHjCHa-COO" 
CH3CH2CH2CH2CH2  -  COO' 
CH,. 


)CH-CHX'H,-COO' 


CH, 


\_/^ 


/_x-coo- 

<f^^-CH2-C00' 
^\-CH,CH,-COO- 
CH,CHX'H,-COO~ 


/\/ 


N^ 


%/" 


-CH,-COO" 


N^ 


\/" 


J_ 


N^ 


XX" 


CH,CH,-COO' 


CH,CH,CH,-COO' 


%_/- 


-CH^CH^ 


COO" 


//\/K 


COO 
CHX'H,-COO~ 


-CH,-COO' 


(mi/) 


100 
5 

2.7 
6.25 

2.7 


143 
4.55 
1.2 
20 


0.78 


5.55 


33.3 


4.0 


20 


45.5 


Relative 

binding  energy 

(kcal/mole) 

-1.36 
-3.13 
-3.50 
-3.00 

-3.50 


-1.15 
-3.18 
-3.97 
-2.31 


-4.22 


-3.06 


-2.00 


-3.26 


2.31 


-1.82 


"  Data  from  Smith  tt  al.  (1951).  The  binding  energies  were  calculated  from   the 
values  of  A',. 
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the  cationic  group,  that  is  capable  of  interacting  with  the  nonpolar  part 
of  the  inhibitors.  Essentially  the  same  is  observed  in  the  cp  — (CH2),,— COO" 
series;  when  the  benzene  ring  is  at  the  pro])er  distance  from  the  —COO" 
group,  the  interaction  is  maximal.  In  the  indole-(CH2)rt— C00~  series  the 
benzene  ring  is  already  at  near  optimal  distance  in  indole  acetate  and 
further  interposition  of  —  CHj—  groups  only  decreases  the  binding  energy. 
Comparing  phenylacetate  with  propionate,  the  benzene  ring  is  bound  more 
tightly  than  a  methyl  group  by  1.82  kcal/mole.  This  is  a  reasonable  value 
as  calculation  of  the  dispersion  energy  of  a  benzene  ring  interacting  on 
one  side  with  a  protein  surface  leads  to  2.35  kcal/mole  (the  experimental 
value  from  cholinesterase  is  2.1  kcal/mole),  and  the  methyl  group  disper- 
sion energy  amounts  to  approximately  0.3  kcal/mole  for  side-on  inter- 
action with  the  protein  (see  Table  6-19). 

The  phenyl  group  would  seem  to  be  bound  by  1.66  kcal/mole  more  tightly 
than  the  cyclohexyl  group,  comparing  the  respective  propionates.  The 
latter  will  probably  be  at  a  somewhat  greater  distance  from  the  protein, 
due  to  the  noni>lanar  hydrogen  atoms,  and  this  could  well  account  for  the 
difference.  If  the  half-thickness  of  the  benzene  ring  is  taken  as  1.85  A 
(Table  6-9),  the  cyclohexane  ring  can  be  calculated  to  be  2.19  A;  the  molar 
refractions  are  Ri^nz  =  -5-1  ^^^^  J^cycio  =  27.0  ml/mole.  Using  these  val- 
ues, it  is  found  that  the  phenyl  group  should  be  bound  0.88  kcal/mole 
more  tightly;  if  these  rings  fit  into  a  slit  or  cavity,  this  value  would  be  ap- 
proximately doubled  and  would  be  of  the  same  order  of  magnitude  as  the 
experimental  difference.  The  ring  certainly  must  be  oriented  properly 
because  cis-  and  ^m/?s-cinnamate  do  not  inhibit,  the  double  bond  here 
restricting  the  rotation  of  the  ring  and  holding  it  at  an  angle. 

Binding  of  ATP  to  ATPase 

Laidler  and  Etliier  (1953)  determined  the  entropy  change  on  binding 
of  ATP  to  muscle  ATPase  by  varying  the  dielectric  constant  of  the  medium 
with  methanol  and  dioxane,  using  an  equation  similar  to  6-95,  and  found 
a  values  of  25  cal/mole/degree  for  the  ion-ion  contribution.  From  Eq. 
6-98,  the  value  of  the  interaction  distance  is  thus  given  by  d^  —  O.lbz-^z^. 
If  this  procedure  is  valid,  it  is  evident  that  multiple  charges  are  involved; 
if  two  phosphate  groups  interact  with  two  cationic  groups  on  the  enzyme, 
the  (If.  would  be  3.0  A  and  if  three  groups  on  each  interactant  were  involved, 
d^  would  be  6.75  A.  The  data  are  only  approximate  because  the  bulk  di- 
electric constant  was  assumed  and  the  ion  atmosphere  was  ignored;  taking 
these  into  account,  it  would  seem  most  likely  that  only  two  ionic  groups 
are  involved  in  the  binding,  or  possibly  even  two  phosphate  groups  and 
one  cationic  enzyme  group. 

Knowledge  of  substrate  and  inhibition  constants  for  ATP,  ADP,  and  AMP 
would  provide  some  information  on  these  electrostatic  forces,  but  these 
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constants  are  not  accurately  known,  and  furthermore  they  depend  strongly 
on  the  concentrations  of  ions,  particularly  Ca"*""^  and  Mg"^"*".  Blum  (1955) 
determined  the  value  of  ^atp  for  rabbit  myosin  ATPase  in  the  presence  of 
1  mM  Ca"^"^  to  be  6.25  XlO~^  mM;  from  inhibition  experiments  the  Kadp 
under  the  same  conditions  was  calculated  to  be  1.64  Xl0~^  n\M.  This  cor- 
responds to  a  difference  in  binding  energy  of  1.93  kcal/mole.  Since  AMP 
inhibits  much  more  weakly  than  ADP,  its  binding  energy  must  be  lower 
than  for  ADP  and  probably  of  a  similar  order  of  magnitude  to  the  ATP- 
ADP  difference.  This  would  imply  that  the  two  terminal  phosphate  groups 
participate  in  the  binding;  nothing  can  be  concluded  about  the  proximal 
phosphate  group. 

Interaction    Energies  of  Sarcosine  Oxidase   Inhibitors 

Sarcosine  is  oxidized  to  formaldehyde  and  glycine  in  a  suspension  of 
liver  mitochondria;  this  reaction  is  competitively  inhibited  by  methoxyace- 
tate,  the  oxygen  analog  of  sarcosine,  and  many  related  compounds  (Frisell 
and  Mackenzie,  1955).  In  Table  6-27  is  shown  the  inhibition  produced 
by  20.8  mM  inhibitor  when  sarcosine  is  8.33  mM.  The  relative  binding 
energy  is  calculated  from  the  inhibition  constants  obtained  from  Eq.  3-13: 

(I)  (1  -  0 

^'-  =     n   iU^/z.-^  •  (<5-118) 

[1  +  (b)/A,]  I 

Since  the  pH  was  7.8,  the  carboxyl  groups  are  ionized  and  it  is  likely  that 
the  amino  groups  and  —  "^NHo—  group  of  sarcosine  are  protonated.  The 
active  site  of  sarcosine  oxidase  is  pictured  in  Fig.  6-2;  a  three-point  attach- 
ment of  sarcosine  was  suggested  by  Frisell  and  Mackenzie,  the  carboxylate 
group  interacting  with  a  cationic  protein  group,  the  terminal  methyl 
group  being  attracted  to  a  protein  hydrocarbon  residue  by  dispersion  for- 
ces, and  the  —  "^NHg—  group  reacting  with  some  electrophilic  radical  on 
the  protein. 

Comparing  acetate  and  ethanol,  methoxyacetate  and  methoxyethanol, 
and  sarcosine  with  sarcosine  amide,  the  ion-ion  carboxylate  binding  energy 
would  be  about  1.8  kcal/mole,  implying  an  equilibrium  distance  of  5.3  A, 
similar  to  values  obtained  on  other  enzymes  for  such  interactions.  Com- 
parison of  sarcosine  with  butyrate  (assuming  that  tlie  K„j  for  sarcosine 
represents  the  true  dissociation  constant)  indicates  that  the  replacement 
of  a  — CH.,—  group  by  a  — "^NHa—  group  leads  to  1.59  kcal/mole  greater 
binding  energy;  the  groups  —0—  and  —  S—  also  increase  the  binding  but 
not  so  much.  It  would  appear  likely  that  hydrogen  bonding  is  responsible; 
this  would  argue  for  the  nitrogen  group  in  sarcosine  being  uncharged  as 
—  NH— ,  which  would  be  substantiated  by  the  small  binding  of  glycine, 
but  the  i:)K^  for  this  group  is  given  as  10.01  (Cohn  and  Edsall,  1943,  p.  85) 
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Table  6-27 
Interaction   Energies   of  Sarcosine   Oxidase    Inhibitors  " 


0/ 
/o 

Inhibition 

Relative 

Inhibitor 

binding  energy 
(kcal/mole) 

Formate 

H-COO- 

5 

-1.76 

Acetate 

CH3-COO- 

48 

-3.52 

Fluoroacetate 

F-CH2-COO- 

34 

-3.16 

Chloroacetate 

CI-CH2-COO- 

31 

-3.08 

Bromoacetate 

Br-CH^-COO- 

28 

-2.99 

lodoacetate 

I-CHa-COO- 

22 

-2.79 

Propionate 

CH3-CH2-COO- 

36 

-3.22 

Butyrate 

CH3CH2CH2-COO- 

14 

-2.45 

Valerate 

CH3CH2CHJCH2-COO- 

6 

-1.88 

Acrylate 

CHi.  =  CH-COO- 

33 

-3.13 

/S-Chloropropionate 

CI-CH2CH2-COO- 

11 

-2.28 

Glycine 

+NH3-CH2-COO- 

2 

-1.18 

Sarcosine 

CH3-+NH2-CH2-COO- 

CHa      ^ 

^NH-CHj-COO- 
CH3^ 

— 

-4.04 

iV^-methylsarcosine 

0 

— 

/3-Alanine 

+NH3-CH2CH2-COO- 

4 

-1.62 

a-Alanine 

^NH3 

V'H-COO- 
CH3 

0 

- 

Methoxyacetate 

CH3-O-CH2-COO- 

64 

-3.92 

/S-methylthioglycolate            CHg  -S  -CH^  -COQ- 

39 

-3.30 

Acetaldehyde 

CH3-CHO 

28 

-2.99 

Ethanol 

CH3-CH2-OH 

5 

-1.76 

Acetamide 

CH3-CONH2 

0 

— 

Methoxyethanol 

CH3-O-CH2CH2+OH 

5 

-1.76 

Methoxyacetamide 

CH3-O-CH2-CONH2 

0 

- 

Sarcosinamide 

CH3  -  +NH2  -  CH2  -  COXH2 

15 

-2.51 

"  Inhibition  data  from  Frisell  and  Mackenzie  (1955).  Relative  binding  energy  cal- 
culated as  described  in  the  text.  Value  for  sarcosine  obtained  from  K^,  assuming 
it  is  K,. 
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SO  that  at  pH  7.8  it  should  be  in  the  ionized  state.  It  is  strange  that  the 
replacement  of  the  hydrogen  atom  of  acetate  by  almost  any  group  (except 
in  sarcosine  and  methoxyacetate)  leads  to  poorer  binding.  Halogen  atoms 
decrease  the  binding  in  proportion  to  their  size  and  this  is  not  likely  to  be 
due  to  decreased  dispersion  forces,  but  to  steric  factors  or  dipolar  interac- 
tions. It  may  well  be  that  the  acetate  series  fits  onto  the  surface  in  a 
different  configuration  than  the  sarcosine-methoxyacetate  group,  and  cer- 
tainly importance  must  be  attached  to  the  terminal  methyl  group  in  these 
latter  compounds,  which  could  fit  tightly  into  a  cavity  as  suggested,  con- 
tributing 1-2  kcal/mole  and  serving  to  orient  the  entire  molecule.  Various 
comparisons  point  to  the  following  provisional  assignments  of  binding 
contributions  for  sarcosine;  — C00~,  1.8  kcal/mole;  — CHg— ,  0.2  kcal/ 
mole;  — NH2+— .  1.1  kcal/mole,  and  — CH3,  1.0  kcal/mole.  Further  re- 
lationships will  be  discussed  in  Volume  II,  Chapter  2,  which  will  be  con- 
cerned with  inhibition  produced  by  analogs  of  substrates  and  coenzymes. 

Interaction  of  Substrate  Analogs  with  Yeast  Lactate  Dehydrogenase 

All  of  the  substrates  or  inhibitors  for  this  enzyme  have  anionic  carboxy- 
late  groups  so  it  is  likely  that  the  active  center  contains  a  positively  charged 
cationic  group.  Dikstein  (1959)  determined  the  concentrations  required 
for  50%  inhibition  for  a  number  of  analogs  and  for  the  fatty  acid  series  he 
plotted  plo.5  against  the  number  of  methylene  groups.  The  slope  of  the 
resulting  straight  line  allowed  the  calculation  of  the  free  energy  of  transfer 
of  a  methylene  group  from  the  solvent  phase  to  the  surface  of  the  enzyme; 
this  was  about  0.5  kcal/mole  at  25°  and  represents  the  contribution  to  the 
binding  made  by  each  methylene  group.  The  intercept  of  the  line  with  the 
pip  5  axis  allowed  the  calculation  of  the  ion-ion  interaction  energy,  from 
which  the  equilibrium  separation  (assuming  D  =  30)  was  determined  to 
be  about  11  A  if  a  single  cationic  group  is  involved.  The  interaction  of  the 
hydrocarbon  chain  with  the  enzyme  surface  in  this  series  is  thus  of  major 
importance  in  determining  the  inhibitory  potency.  The  enzyme  cationic 
group  is  most  likely  a  5-guanidino  group  of  arginine. 
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Due  to  the  relatively  high  polarizability  of  aromatic  ring  systems,  there 
are  often  strong  interactions  with  similar  ring  systems  or  polarizing  groups, 
particularly  when  the  mutual  orientation  is  such  as  to  allow  a  close  approach 
over  an  appreciable  surface  of  the  molecules.  Thus  highly  resonating  mol- 
ecules, composed  of  several  aromatic  rings  with  mobile  electrons,  tend 
to  form  complexes  in  which  the  molecules  lie  in  parallel  planes,  this  being 
the  orientation  consonant  with  the  greatest  dispersion  interaction.  It  is 
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possible  that  some  enzyme  inhibitions  involve  similar  positions  of  aromatic 
rings  and  hence  it  is  of  interest  to  determine  the  effect  of  orientation  on 
interaction  energy. 

This  problem  was  considered  by  de  Boer  (1936)  who  compared  the  dis- 
persion energy  of  two  benzene  rings  that  were  3.5  A  apart  when  lying  in 
the  same  plane  (A)  or  lying  parallel  (B),  and  found  it  to  be  four  times 
greater  in  position  (B).  He  also  constructed  distance-energy  curves  and 
concluded  that  3.5  A  would  be  the  equilibrium  distance  for  maximal  at- 
traction; calculations,  using  the  equations  derived  earlier  in  this  chapter, 
lead  to  the  somewhat  greater  distance  of  3.7  A  for  position  (B).  The  dis- 
persion energy  at  this  latter  separation  would  be  about  24.6  kcal/mole. 
For  benzene  the  heat  of  fusion  is  2.35  kcal/mole  and  the  heat  of  vapori- 
zation is  7.37  kcal/mole,  so  that  the  heat  of  sublimation  is  9.72  kcal/mole; 
however,  in  benzene  crystals  the  rings  are  not  parallel  throughout  but  in- 
clined at  angles  in  alternate  rows  and  displaced  along  their  axes.  The 
average  interaction  energy  of  a  molecule  with  its  neighbors  in  a  crystal 
would  be  about  19.4  kcal/mole  so  that  the  value  calculated  above  is  not 
unreasonable.  The  high  dispersion  energies  possible  with  aromatic  rings 
may  be  important  in  binding  substrates  and  inhibitors  to  enzymes,  for 
even  at  a  separation  of  5  A  the  attraction  energy  may  amount  to  4  kcal/ 
mole. 

The  polarization  of  a  benzene  ring  by  an  ionic  group  can  under  certain 
circumstances  give  rise  to  appreciable  interaction  energy.  An  amino  or 
carboxylate  group  on  a  line  perpendicular  to  the  plane  of  the  ring  and  at 
the  distance  of  closest  approach  (3.55  A)  would  be  attracted  to  the  induced 
ring  dipole  with  an  energy  of  approximately  7  kcal/mole  (calculated  from 
Eq.  6-62).  However,  if  water  were  present  and  a  single  hydration  layer 
around  the  ionic  group  remained,  the  energy  would  drop  to  only  0.2  kcal/ 
mole  (assuming  D  —  ^).  Such  ion-induced  forces  could  contribute  strongly 
if  the  interaction  of  inhibitor  with  enzyme  protein  occurred  in  a  cavity  from 
which  water  is  excluded  or  if  the  other  forces  binding  the  inhibitor  were 
strong  enough  to  force  the  water  from  between  the  reactants.  Needless  to 
say,  the  attraction  between  a  constellation  of  protein  charges  and  a  poly- 
cyclic  aromatic  compound  could  provide  the  high  affinity  sometimes  ob- 
served between  derivatives  of  naphthalene  and  anthracene  with  enzymes, 
if  the  contours  and  patterns  of  the  contact  surface  were  satisfactory. 

An  excellent  example  of  the  energies  involved  in  such  interactions  is 
given  by  Munck  et  al.  (1957),  who  studied  the  complexes  formed  between 
steroids  and  adenine  nucleotides.  These  1:1  complexes  were  shown  to  be 
attributable  to  dispersion  forces  acting  over  the  relatively  large  surfaces 
of  these  molecules.  The  reaction  may  be  written  as: 

steroid- W  +  coenzyme-W  —^   steroid-coenzyme  +  W  — W 
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for  the  case  of  DPN  or  TPN  where  W  represents  the  total  number  of  water 
molecules  in  contact  with  the  reactants.  When  40  A^  was  taken  as  the  area 
of  interaction,  the  following  energy  values  were  calculated: 


steroid-W       -^  steroid  +   W 

coenzyme-W  -^  coenzyme    +   W 
steroid         +         coenzyme  ^  steroid-coenzyme 
W  +  W        -^  W-W 


+  5.3  kcal/mole 
+  7.6 
-  5.7 
-13.4 


—   6.2  kcal/mole 


Values  around  —  6  kcal/mole  were  obtained  experimentally  but  they 
point  out  that  the  close  agreement  is  prol^ably  fortuitous  inasmuch  as  the 
energy  calculations  are  only  approximate.  However,  two  important  con- 
clusions may  be  drawn  from  these  results.  In  the  first  place,  it  would  in- 
dicate that  the  major  contribution  to  such  complexes  is  dispersion  with 
regard  to  the  forces  between  the  reactants  but  that  the  largest  factor  is  the 
recombination  of  the  displaced  water  molecules.  Secondly,  it  points  out 
the  necessity  of  taking  interactions  between  inhibitor  and  coenzyme  into 
account  in  the  inhibitions  by  steroids  of  the  /?-hydroxysteroid  dehydro- 
genase reported  by  Marcus  and  Talalay  (1955),  since  this  enzyme  is  DPN- 
dependent. 

The  dispersion  interaction  between  the  benzene  ring  and  various  alkyl 
groups  has  been  treated  by  T.  L.  Brown  (1959)  who  calculated  the  energies 
when  the  groups  were  attached  to  the  ring  (see  tabulation  below). 


Group 

Polarizability 
(ml) 

(kcal/mole) 

Methyl 

2.7x10-" 

2.2 

Ethyl 

4.6x10-" 

3.7 

Isopropyl 

6.5x10-24 

5.2 

tert-Butyl 

8.4x10-" 

6.8 

The  polarizability  of  the  benzene  ring  normal  to  its  axis  was  taken  as  12.3  X 
10"^*  ml.  The  amount  of  dispersion  energy  is  thus  quite  appreciable  and  this 
must  play  a  major  role  in  inductive  effects  on  the  ring.  When  these  aromatic 
molecules  are  in  solution,  it  w^ould  be  expected  that  the  solvent  would 
reduce  somewhat  the  interaction  energy. 
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INTERACTIONS  OF  HYDROCARBON  CHAINS 

The  interactions  of  hydrocarbon  groups  on  the  substrate  or  inhibitor 
with  hydrocarbon  or  nonpolar  residues  on  the  enzyme  may  occasionally 
contribute  a  significant  fraction  of  the  total  binding  energy.  Dispersion 
forces  only  need  be  considered  here.  Calculation  of  the  dispersion  energies 
between  (— CHg— )„  chains  in  paraffin  crystals  was  reported  by  Miiller 
(1936)  and  satisfactory  agreement  with  the  heats  of  sublimation  was  ob- 
tained. However,  the  orientation  of  the  chains  in  these  crystals  is  unlikely 
to  be  that  found  in  enzyme  interactions  and  thus  it  will  be  of  interest  to 
present  some  tentative  calculations  based  on  reasonable  models.  It  is 
relatively  easy  to  determine  the  dispersion  energy  of  two  adjacent  hydro- 
carbon chains  in  any  assumed  configuration,  but  the  energy  terms  for  water 
displacement  present  some  difficulties  since  the  changes  in  water  structure 
during  the  interaction  are  not  clearly  undestood. 

Neglecting  the  water  temporarily,  a  simple  calculation  of  the  dispersion 
energy  assuming  two  parallel  (— CH2— ),,  chains  separated  by  their  van  der 
Waals'  radii  (4.2  A  between  chain  axes)  gives  —  0.17  kcal/mole  for  each 
-CH2—  unit  (Z  =  6,  Ro  =  4.50  ml/mole  in  Eq.  6-69).  If  the  two  chains 
are  assumed  to  be  oriented  for  closest  fit,  with  each  —  CH2—  midway  be- 
tween those  on  the  other  chain  (see  Fig.  6-7),  and  the  interactions  of  each 
—  CHg—  with  all  others  on  the  adjacent  chain  are  considered,  the  disper- 
sion energy  may  be  as  high  as  —  0.76  kcal/mole,  but  it  is  likely  that  such 
perfect  orientation  would  be  achieved  only  under  very  special  conditions. 
The  change  in  dispersion  energy  involved  in  the  displacement  of  water 
molecules  may  be  calculated  to  be  —  0.19  kcal/mole  for  each  — CHg  — 
unit,  assuming  that  an  average  of  two  water  molecules  are  in  contact  with 
each  unit  before  reaction.  Thus  the  total  interaction  energy  for  a  single 
— CH2—  unit  would  be  around  0.36-0.95  kcal/mole,  depending  on  the 
degree  of  fit,  taking  into  account  the  dispersion  energy  only.  If  the  for- 
mation of  hydrogen  bonds  between  water  molecules  occurs  as  the  result 
of  the  displacement,  the  over-all  interaction  energy  might  be  greater  than 
these  figures.  The  binding  energies  for  some  aliphatic  sulfates  with  serum 
albumin  are:  octyl  sulfate,  —  5.01  kcal/mole;  decyl  sulfate,  —  6.03  kcal/ 
mole,  and  dodecyl  sulfate,  —  7.22  kcal/mole  (Klotz,  1949).  The  interaction 
energy  per  — CHg—  unit  would  thus  be  about  0.55  kcal/mole,  which  is 
within  the  calculated  range.  In  any  event  it  is  evident  that  such  hydro- 
carbon chains,  if  oriented  properly  for  interaction  with  nonpolar  regions 
of  the  enzyme,  can  contribute  appreciably  to  the  binding  energy.  Partic- 
ularly high  energy  values  might  result  from  the  position  of  a  hydrocarbon 
chain  within  a  slit  on  the  protein  or  if  the  mobility  of  the  protein  side-chains 
allowed  partial  or  complete  enclosure  of  the  chain. 
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DEPENDENCE  OF  INTERACTION  ENERGY  UPON  FIT 

It  would  be  superfluous  to  emphasize  further  the  importance  of  proper 
fit  for  the  binding  of  many  substances  to  proteins  after  what  has  been  pre- 
sented already  in  this  chapter,  but  certain  aspects  of  this  problem  may  be 
summarized  at  this  time.  In  discussing  the  fit  of  a  molecule  to  a  protein 
surface  it  is  well  to  remember  that  one  must  sometimes  take  into  account 
the  contour  of  the  molecules  with  water  of  hydration  included,  since  un- 
doubtedly interactions  occur  where  the  water  is  not  displaced. 

Generally  speaking  there  are  three  different,  but  closely  related,  types 
of  fit.  (1)  Most  inhibitor  molecules  possess  two  or  more  attachment  points 
by  which  they  are  bound  to  the  enzyme,  the  binding  energy  and  hence  the 
inhibition  depending  upon  the  degree  to  which  these  attachment  points 
correspond  to  appropriate  groups  on  the  enzyme.  Thus  molecules  of  the  type: 

Rj  —  X  —  Rj  Rj  —  X\ 

Rj 

for  which  the  attachment  points  are  represented  by  R  and  the  remainder 
of  the  molecules  determining  the  spatial  relations  of  these  points  by  X, 
would  be  bound  maximally  to  enzymes  only  if  these  R-groups  can  all  come 
into  intimate  contact  with  enzyme  groups  with  which  they  have  affinity. 
The  actual  distances  between  these  R-groups  and  the  flexibility  of  the  mole- 
cules will  be  the  major  factors  in  determining  the  efficacy  of  the  inhibitor 
and  there  are  many  examples  where  alteration  of  the  distance  by  addition 
or  subtraction  of  intervening  units  causes  marked  changes  in  inhibitory 
potency.  (2)  In  certain  instances  there  would  seem  to  be  no  dominant  at- 
tachment points  in  the  bound  molecule  and  the  over-all  interaction  energy 
is  dependent  upon  the  more  or  less  continuous  fit  of  the  molecule  to  the 
protein  surface,  adequate  binding  arising  from  the  summation  of  many 
small  van  der  Waals'  type  forces.  Such  would  be  the  case  in  the  binding 
of  steroids  to  proteins.  Here  the  most  important  factor  is  the  total  surface 
contour  with  respect  to  regions  on  the  protein  that  are  spatially  comple- 
mentary to  the  bound  molecule.  The  introduction,  for  example,  of  even 
a  small  group  on  the  side  of  the  molecule  which  interacts  with  the  protein 
may  reduce  the  fit  sufficiently  to  inhibit  binding.  (3)  Finally  there  are  the 
situations  where  fit  within  an  invagination  of  the  protein  surface  occurs 
and  these  cases  perhaps  present  the  most  stringent  requirements  for  fit. 
An  energy-distance  curve,  such  as  is  shown  in  Fig.  6-19  for  a  methyl 
group  within  a  protein  cavity,  demonstrates  what  will  happen  as  either 
the  group  or  the  cavity  alters  in  size.  In  such  cases,  there  is  an  optimal 
size  for  both  group  and  cavity,  deviations  from  which  will  result  in  a 
lessening  of  the  interaction  energy. 
It  would  be  convenient  if  the  requirement  for  fit  in  any  particular  in- 
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stance  could  be  expressed  in  an  exact  and  quantitative  manner.  Let  us 
take  as  a  measure  for  this  the  change  in  interaction  energy  occurring  when 
the  separation  distance  is  altered  by  a  small  amount;  thus  the  greater  the 
energy  change  upon  displacement,  the  greater  is  the  requirement  for  pro- 
per fit.  The  value  of  dq'Idd  can  be  evaluated  if  the  dependence  of  energy 
on  distance  is  known.  In  the  general  case  where  (p  =  Ajd'^  —  Bfd^  (Eq.  6-50), 
differentiation  leads  to: 

d.  aA  bB  ^g_^^g^ 


dd 


d"*' 


^"+1 


Fig.  6-19.  Energy-distance  curve  for  the  interaction  of  a  methyl 
group  within  a  protein  cavity.  The  equation  used  is: 


1.86  X   10' 


9.73  X  10^ 


Displacement  of  two  water  molecules  is  assumed.  <Pe  =^  —  1-26 
kcal/mole  and  d.  =  3.95  A. 
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which  may  be  called  the  "  equation  of  fit  "  since  it  represents  the  depend- 
ence of  interaction  energy  on  distance  at  any  chosen  separation.  It  may  be 
convenient  to  call  d<p!dd  the  "  index  of  fit."  The  indices  of  fit  have  been 
plotted  for  two  types  of  interaction  in  Fig.  6-20  from  which  it  may  be 
noted  that  the  importance  of  accurate  fit  varies  with  the  separation  be- 
tween the  groups,  naturally  rising  very  rapidly  as  the  groups  approach  clos- 


FiG.  6-20.  Variation  of  the  index  of  fit  with  distance.  Curve  A  is 

for  an  ion-ion  interaction  (same  characteristics  as  in  Fig.  6-13)  and 

curve  B  is  for  the  interaction  of  a  methyl  group  within  a  protein 

cavity  (as  in  Fig.  6-19). 


er  tlian  the  equilibrium  distance,  due  to  repulsion  forces,  and  showing 
a  maximum  at  a  separation  distance  of  approximately  0.5  A  greater 
than  the  equilibrium  distance.  Near  the  equilibrium  distance  the  fit  is 
not  so  acute  because  of  the  relative  flatness  of  the  energy-distance  curves. 
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It  has  been  frequently  stated  that  accuracy  of  fit  is  particularly  important 
in  dispersion  interactions,  since  the  energy  varies  with  d~^,  whereas  in 
ion-ion  interactions,  for  example,  where  the  energy  varies  with  d~^,  the 
fit  would  not  be  so  important.  This  has  only  an  element  of  truth  in  it.  In 
the  first  place,  such  considerations  have  often  neglected  the  effect  of  the 
repulsion  forces  in  modifying  the  slope  of  the  energy-distance  curve;  for 
dispersion  interactions  the  repulsion  forces  the  curve  to  flatten  out  at 
relatively  lower  values  of  the  energy  (in  absolute  figures)  than  for  ion-ion 
interactions,  and  thus  the  slope  predicted  at  the  equilibrium  distance 
without  repulsion  effects  is  not  applicable.  Secondly,  the  index  of  fit  may 
be  larger  for  ion-ion  interactions  than  for  dispersion,  which  may  be  seen  in 
Fig.  6-20.  It  is  true  that  in  the  ion-ion  interaction  a  greater  equilibrium 
energy  is  involved  and  that,  considering  the  peaks  in  the  curves,  {dcpj 
^^^)maxlVe  =  O-'^O  for  the  ion-ion  case  whereas  {d(pldd)y^^^Jcp^  =  0.64  for  dis- 
persion, but  the  importance  for  inhibition  usually  lies  in  the  total  energy 
change  upon  variation  of  separation  distance,  not  the  change  relative  to 
the  maximal  interaction  energy.  Actually  the  index  of  fit  will  depend  on 
a  number  of  factors,  as  indicated  in  Eq.  6-119,  including  the  values  of  ^ 
and  B  as  well  as  the  power  dependencies  on  the  distance.  Thus  the  index 
of  fit  will  be  greater  for  a  hexyl  chain  lying  in  a  slit  than  for  a  single  methyl 
group,  since  the  value  of  B  will  be  greater  in  the  former. 

EFFECTS  OF  ALTERATION  OF  STRUCTURE  ON   MOLECULAR 

PROPERTIES 

It  is  a  very  common  practice  in  metabolic  and  enzyme  studies  to  alter 
the  structure  of  a  substrate  or  known  inhibitor  to  determine  the  modifi- 
cation in  the  behavior.  Thus  a  useful  way  of  finding  specific  inhibitors  is 
to  modify  a  substrate  in  different  ways,  with  the  aim  to  produce  a  sub- 
stance which  retains  the  ability  to  interact  with  the  active  site  but  which 
will  not  be  catalytically  acted  upon.  Determination  of  the  topography 
of  the  active  site  often  involves  the  use  of  series  of  related  compounds  in 
order  to  characterize  and  localize  reactive  or  binding  groups  on  the  enzyme 
surface.  Some  insight  can  often  be  obtained  into  the  mechanism  of  an  in- 
hibition and  of  the  forces  occurring  in  the  binding  by  the  use  of  inhibitors 
differing  from  one  another  only  by  discrete  groups  or  structures.  It  is  there- 
fore of  considerable  importance  to  inquire  into  the  changes  in  molecular 
properties  that  may  occur  upon  such  structural  modification  and  the 
relationships  of  these  changes  to  the  interpretation  of  inhibition  studies. 

Possible  Ways  in  Which  Structural  Modification  May  Be  Made 

The  changes  in  structure  most  commonly  used  in  inhibition  work  may 
be  conveniently  classified  in  the  following  three  types. 
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I.  Change  in  position  of  a  group:  a  single  group  is  moved  from  one  po- 
sition in  a  molecule  to  another  position. 

A  A 

I  I 

R-CH2-CH-CH2-R'  R-CH-CH2-CH2-R' 

OH  OH 

I        NO,  I        NO, 


NO, 


X0« 


II.  Replacement  of  a  group:  a  single  group  is  removed  and  another  group 
put  in  the  same  position. 


A 

1 

B 

1 

1 
-CH2-CH-CH2- 

-R' 

R- 

-CH2 

1 
-CH-CH2-R 

OH 

OH 

1        NO, 

/\/ 

11       1 

i         NH2 

II       1 

Y 

XO2 

V 

NOj 

III.  Addition  or  removal  of  a  group:  a  group  is  removed  from  the  mol- 
ecule (usually  replaced  by  H)  or  a  new  group  is  added  (usually  replacing 
an  H). 

R — CH2 — CH2  —  R'  R — CH2 — R' 

R-COO~  R-COOCH3 

OH  OH 

I         NO.  1 


Y  V 

NO2  NO2 

It  is  our  immediate  problem  now  to  determine  what  physical  and  chemical 
properties  of  molecules  may  be  modified  by  such  changes  in  structure. 
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Classification  of  the  Possible  Changes  in  Molecular  Properties 

A  fact  of  major  importance  that  has  frequently  been  neglected  is  that 
when  a  particular  group  is  altered  or  eliminated  or  added,  the  changes 
in  the  molecule  are  not  confined  to  this  group.  Any  change  of  one  part  of 
a  molecule  generally  produces  changes  either  throughout  the  molecule  or 
at  least  in  those  regions  adjacent  to  the  changed  part.  We  must  therefore 
primarily  divide  molecular  modifications  into  those  attributable  to  the 
group  itself  and  those  occurring  in  the  rest  of  the  molecule.  The  following 
classification  of  possible  changes  may  be  helpful  although  it  is  not  exhaus- 
tive. 

(1)  Molexular  changes  attributable  to  the  modified  group  itself 

(A)  Introduction  into  the  molecule  of  an  ionically  charged  or  dipolar  group, 
or  the  elimination  or  modification  of  such. 

(B)  Introduction  into  the  molecule  of  a  group  that  is  chemically  reactive  with 
protein  groups,  or  the  elimination  or  modification  of  such  reactivity. 

(C)  Alteration  of  the  contour  of  the  molecule  at  the  region  of  the  group,  which 
will  either  enable  the  molecule  to  interact  more  completely  with  the  en- 
zyme or  sterically  to  interfere  with  the  interaction. 

(2)  Molecular  changes  induced  by  the  modified  group 

(A)  Changes  in  the  dissociation  constants  of  acidic  or  basic  groups. 

{B)   Changes  in  the  oxidation-reduction  potential. 

(C)  Changes  in  the  charge  distribution  or  dipole  moments  throughout  the  mol- 
ecule. 

{D)  Changes  in  the  solubility  of  the  molecules. 

{E)   Changes  in  the  position  or  freedom  of  rotation  or  movement  of  other  groups 

due  to  steric  or  electrostatic  effects. 
{F)   Changes  in  stability  or  reactivity  of  the  molecule. 

Most  of  the  changes  observed  in  molecules  resulting  from  the  modifica- 
tion of  a  particular  group  can  be  attributed  to  mechanisms  which  are  termed 
inductive,  in  which  there  is  a  shift  in  the  average  electron  positions  due  to 
the  dipole  moment  of  the  group;  electrostatic,  in  which  the  properties  of  the 
various  regions  of  the  molecule  are  altered  by  the  electrical  field  of  a  charged 
group;  or  resonance,  in  which  the  electrons  of  the  group  are  capable  of 
resonating  with  those  in  adjacent  bonds.  These  mechanisms  are  often 
difficult  to  distinguish  and  frequently  overlap.  Before  presenting  examples 
of  such  changes,  let  us  enumerate  some  of  the  ways  in  which  the  changes  in 
molecular  properties  could  influence  the  behavior  of  an  inhibitor  in  a  met- 
abolic system.  For  the  sake  of  clarity  we  may  assume  that  a  group  has 
been  added  to  an  established  inhibitor,  I  ->  I-A,  and  we  inquire  into  the 
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reasons   why  the   new  substance   behaves   differently,    quantitatively   or 
qualitatively,  from  the  original  inhibitor. 

(1)  The  penetrability  of  the  inhibitor  into  cells  may  be  altered  due  to  changes  in 
size,  charge,  or  solubility;  thus  the  new  substance  may  reach  the  enzyme  in 
greater  or  lesser  amounts  than  did  the  original  inhibitor. 

(2)  The  new  substance  may  be  more  or  less  readily  inactivated,  either  spontaneously 
or  enzymically,  as  occurs  with  certain  barbiturates  or  substituted  naphthoqui- 
nones upon  lengthening  the  side-chain;  the  concentration  of  the  new  substance 
may  thus  vary  with  time  in  a  different  manner  than  the  original  inhibitor. 

(3)  The  ability  of  the  substance  to  alter  another  enzyme  system  may  differ  from 
the  parent  inhibitor  and  if  this  other  enzyme  system  is  involved  in  what  is  meas- 
ured a  modified  action  will  be  observed. 

(4)  The  addition  of  the  group  may  provide  increased  surface  for  interaction,  reac- 
tivity with  some  enzyme  group,  a  favorable  charge  or  dipole,  or  may  sterically 
or  electrostatically  interfere  with  the  binding  to  the  enzyme;  these  effects  may 
be   attributed  directly  to  the  additional   group. 

(5)  The  binding  of  the  new  substance  may  be  different  from  the  initial  inhibitor 
because  of  the  changes  enumerated  above  in  the  rest  of  the  molecule  as  produced 
by  the  presence  of  the  added  group. 

(6)  The  binding  to  the  enzyme  may  not  be  significantly  changed  but  the  abiUty 
to  interfere  with  the  enzyme  reaction  may  be  changed,  such  as  would  occur  if 
the  added  group  were  not  involved  in  binding  but  sterically  blocked  the  sub- 
strate from  the  active  site. 

It  is  frequently  very  difficult  to  establish  the  mechanism  whereby  a 
change  in  molecular  structure  modifies  an  inhibitory  effect  because  in  most 
cases  many  properties  of  the  substance  are  changed  simultaneously;  for 
example,  the  molecular  size  and  configuration,  the  distribution  of  charges, 
the  penetrability  through  membranes,  and  the  solubility  may  all  be  changed 
along  with  an  altered  ability  to  bind  to  an  enzyme.  When  the  data  from 
an  homologous  series  of  inhibitory  compoimds  on  cell  respiration  are  im- 
mediately interpreted  in  terms  of  differences  in  oil-water  distribution 
coefficient,  or  any  other  single  factor,  without  further  evidence,  a  certain 
degree  of  naivety  is  implied.  Indeed,  the  attribution  of  specific  binding 
energies  to  particular  groups,  as  has  been  done  previously  in  this  chapter 
for  some  enzymes,  is  an  unsophisticated  approach,  justified  here  only  by 
the  fact  that  isolated  enzymes  are  at  least  independent  of  membrane  per- 
meability factors  and  other  complications  present  in  all  tissue  work,  and 
by  the  desire  to  illustrate  the  forces  of  binding  in  as  straightforward  a 
manner  as  possible.  However,  in  more  critical  calculations,  it  is  well  to 
consider  all  the  possibilities  of  molecular  change  upon  altering  a  group 
before  assigning  the  binding  energy  difference  to  the  groups  involved. 
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Examples  of  Group  Changes  and  Inhibitions  by  Related  Compounds 

In  order  to  demonstrate  some  of  the  inherent  difficulties  in  interpreting 
the  effects  of  group  modification,  the  following  examples  are  presented  as 
typical  of  situations  often  found  in  inhibition  studies. 

(a)  Molecular  polarizations  by  groups  and  the  resulting  clipole  moments. 
The  total  dipole  moment  of  a  molecule  cannot  be  accurately  estimated 
from  the  moments  of  the  groups  present  because  inductive  or  resonance 
effects  alter  electronic  distributions  over  considerable  distances.  Many  inhi- 
bition studies  involve  the  addition  or  elimination  of  simple  groups  on  an 
aliphatic  chain  or  aromatic  nucleus.  The  dipole  moments  of  some  alkyl 
and  phenyl  halogens  are  given  in  Table  6-28.  In  CH3CI  the  moment  is  less 

Table  6-28 
Dipole  Moments  of  Halogen  Derivative  " 


Group 

DijDole  moment  (debyes) 

CI 

Br 

I 

Methyl 
Ethyl 
Propyl 
Butyl 

Phenyl 

1.87 
2.05 
2.10 
2.09 

1.73 

1.78 
2.02 
2.15 
2.15 

1.71 

1.59 
1.90 
2.01 

2.08 

1.50 

"  From  Wheland  (1955,  p.  213). 

that  the  C-Cl  moment  (2.3)  because  of  the  oppositely  directed  three  C— H 
moments  (0.4),  but  is  greater  than  would  be  expected  due  to  the  polar- 
ization of  the  methyl  group  by  the  C— CI  bond.  In  CH3CH2CI  the  moment 
is  higher  because  the  ethyl  group  has  a  greater  polarizability  than  the 
methyl  group,  and  the  propyl  compound  has  a  still  higher  moment.  How- 
ever, beyond  this  there  is  essentially  no  change.  This  indicates  that 
such  inductive  effects  can  extend  along  an  aliphatic  chain  about  three 
carbon  atoms  with  decrement.  One  might  expect  phenyl-Cl  to  have  a  mo- 
ment even  higher  than  the  C-Cl  bond  because  the  benzene  ring  is  quite 
polarizable,  but  actually  the  moments  are  lower  than  the  alkyl  compounds. 
The  explanation  is  that  resonance  occurs  between  the  following  structures: 


CI 


\/ 


CI 

A 


C1+ 


%/ 


C1+ 


C1+ 


./ 
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Although  the  last  three  structures  do  not  contribute  greatly  in  terms  of 
molecular  species,  their  dipole  moments  are  high  and  they  counteract  the 
C-Cl  moment  effectively.  A  charge  of  around  0.05  that  of  an  electron  charge 
would  be  sufficient  to  account  for  this  reversal  if  this  fractional  charge 
is  located  on  the  ortho  or  'para  positions.  Similar  resonance  forms  con- 
tribute to  the  over-all  moments  of  nitro-,  amino-,  and  carboxy-substituted 
benzenes  (Wheland,  1955,  p.  213).  Thus  the  total  dipole  moment  of  a  simple 
molecule  and  its  changes  when  groups  are  altered  are  not  simply  referable 
to  the  groups  only;  when  binding  to  an  enzyme  involves  such  moments, 
the  inhibition  will  depend  upon  inductive  and  resonance  effects  within 
the  molecules. 

(6)  Distance  of  separation  between  assumed  binding  groups.  Inhibitors 
that  contain  two  distinct  groups  separated  by  relatively  unreactive  regions 
of  the  molecules,  R— X— R,  are  often  assumed  to  inhibit  differently  when 
the  size  of  X  is  varied  due  to  changes  in  separation  of  the  groups.  An 
excellent  example  of  such  variation  in  enzyme  inhibition  may  be  taken 
from  the  study  of  Blaschko  and  Himms  (1955)  on  the  amine  oxidases 
from  various  tissues,  the  results  of  which  are  plotted  in  Fig.  6-21.  Com- 
pounds of  the  series 

HN  NH 

7C^cp— O— (C'H2)„— 0-<p— c/ 

were  tested  for  their  ability  to  inhibit  the  oxidation  of  tyramine  and  in 
most  cases  an  optimal  chain  length  was  found  for  maximal  inhibition. 
These  results  might  be  interpreted  as  follows:  on  the  enzyme  there  are 
two  sites  capable  of  reacting  with  the  terminal  amidine  groups  and  these 
sites  are  a  constant  distance  apart,  the  degree  of  inhibition  depending  on 
the  distance  between  the  amidine  groups  and  how  well  this  corresponds 
to  the  enzyme  site  distance  (it  was  not  so  interpreted  by  Blaschko  and 
Himms).  This  may  be  so  but  there  are  other  explanations  that  are  justi- 
fiable. For  example,  the  —  (CHa)^—  chain  may  also  interact  with  the  en- 
zyme surface  and  the  variations  in  binding  attributed  to  differing  disper- 
sion and  steric  effects  resulting  from  the  change  in  n.  Similar  variations  are 
often  observed  when  a  hydrocarbon  chain  length  is  altered  when  there  is 
only  one  possibly  reactive  group  in  the  molecule. 

(c)  Effect  of  optical  isomerism  on  group  effects.  The  hydrolysis  of  substi- 
tuted L-tyrosinamides  by  a-chymotrypsin  is  inhibited  by  the  corresponding 
D-isomers  (Manning  and  Niemann,  1958)  and  the  dissociation  constants 
are  shown  in  Table  6-29.  The  D-isomers  are  bound  as  tightly  as  the  L-isomers 
but  presumably  possess  a  configuration  in  which  the  electronic  distortion 
leading  to  hydrolysis  cannot  occur.  These  results  illustrate  not  only  the 
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marked  dependence  of  catalytic  activity  upon  the  spatial  configuration 
and  the  effects  of  various  groups  on  the  strength  of  binding,  but  also  show 
that  the  effect  of  a  certain  group  on  the  energy  of  interaction  varies  with 
its  orientation  with  respect  to  the  rest  of  the  molecule.  For  example, 
introducing  three  fluorine  atoms  into  the  acetyl  group  of  or-iV-acetyltyro- 
sinamide  increases  somewhat  the  affinity  of  the  enzyme  for  the  L-isomer 
substrate  but  decreases  the  affinity  for  the  D-isomer  inhibitor.  In  estab- 
lishing the  effects  of  such  group  alterations  one  must  thus  take  the  total 
configuration  into  account. 


%inh 


Fig.  6-21.  Inhibition  of  amine  oxidases  by  diamidines  as  influenced  by 
the  number  of  — CHj —  groups  in  the  inhibitor.  (From  Blaschko  and 
Himms,  1955.)  Ciu've  1:  guinea  pig  hver,  tyi-amine.  (I)  =  1  mM;  curve 
2:  pig  liver,  tyramine,  (I)  =  0.2  mM;  curve  3:  cat  liver,  tyramine, 
(I)  =  0.2  mM;  curve  4:  ox  serum,  spermine,  (I)  =  0.005  mil/. 


{(l)  Effect  of  group  cJianges  on  type  of  action.  When  simple  group  additions 
or  replacements  are  made  in  an  inhibitor,  it  may  not  be  certain  that  the 
observed  change  in  inhibition  is  due  to  an  altered  effect  on  a  single  en- 
zyme system.  Determination  of  the  res]uratory  inhibition  produced  by 
the  halogen-acetates  illustrates  this  well.  The  change  in  inhibition  charac- 
teristics when  a  fluorine  atom  replaces  an  iodine  or  bromine  atom  might 
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Table  6-29 
Dissociation    Constants  of  Substrates  and    Inhibitors    of   a-CHYMOTRYPSiN  " 


Dissociation   constant 

Compound 

L-Isomer 
K,  (mM) 

D -Isomer 
Ki  (mM) 

Ratio 

or-iV-carbethoxytyrosinaniide 

a-iV-nicotiny]tyrosinamide 

a-iV-trifluoroacetyltyrosinamide 

Of-iV-acetyltyrosinamide 

a-iV-chloroacety]tyrosinamide 

6.4 
12 
26 
32 

27 

21 

9 

20 

12 

6.5 

0.3 
1.3 
1.3 

2.7 
4.1 

"  From   Manning  and  Niemann  (1958). 

be  attributed  solely  to  a  change  in  the  inhibition  of  the  enzymes  sensitive 
to  iodoacetate  or  bromoacetate,  whereas  it  actually  reflects  a  new  type  of 
action  on  the  tricarboxylic  acid  cycle.  Another  example  would  be  in  the 
testing  of  group  substitutions  in  phenols  on  the  inhibition  of  some  enzyme. 
The  addition  of  most  groups  onto  the  ring  would  merely  reflect  different 
interactions  with  the  enzyme  although  with  the  same  inhibition  mechanism 
whereas  the  introduction  of  a  ^j-hydroxyl  group  would  perhaps  allow 
inhibition  by  a  new  mechanism,  namely  the  reaction  with  enzyme  sulf- 
hydryl  groups  through  the  formation  of  a  quinone. 


General  Suggestions  with  Regard  to  Comparison  of  Members 
of  an  Inhibitor  Series 

Summarizing  the  principles  of  this  section,  it  must  be  emphasized  that 
great  care  be  exercised  in  the  interpretation  of  results  on  inhibition  pro- 
duced by  homologous  series  and  chemically  related  substances.  The  fol- 
lowing points  are  believed  to  be  particularly  important  for  consideration 
in   work   of  this  type. 

(a)  Comparison  of  inhibition  potencies  must  be  made  on  a  molar  basis 
and  not  on  a  weight /volume  or  dilution  basis  since  it  is  only  on  the  molar 
basis  that  true  relative  activities  and  binding  energy  differences  may  be 
obtained. 

(6)  In  most  systems  it  is  advisable  to  determine  the  effects  of  the  various 
members  on  the  measured  rate  in  the  absence  of  the  substrate,  in  order 
to  eliminate  the  possibility  that  some  of  the  inhibitors  are  contributing 
to  the  measurements  by  being  acted  upon  by  the  enzyme  in  question  or 
by  another  enzyme  in  the  preparation.  This  also  serves  to  establish  con- 
trol determinations  of  the  effects  on  any  endogenous  activity. 
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(c)  The  stability  of  the  inhibitors  in  the  preparation  used  should  often 
be  checked  so  that  differences  in  rates  of  concentration  decrease  over  the 
period  of  measurement  will  not  be  interpreted  as  due  to  different  degrees 
of  inherent  inhibitory  potency. 

{(l)  The  possibility  of  different  rates  of  penetration  into  cellular  or  tissue 
preparations  should  be  considered  before  attributing  differences  in  inhi- 
bition to  actions  upon  an  enzyme  system. 

(e)  The  attempt  should  be  made  to  determine  if  different  inhibition 
mechanisms  may  be  involved  with  different  members  of  a  series.  The  estab- 
lishing of  competitive  inhibition,  for  example,  with  one  member  does 
not  ensure  that  this  mechanism  holds  for  all  the  members. 

(/)  When  groups  are  added,  eliminated,  or  modified  in  an  inhibitor,  great 
care  should  be  taken  not  to  attribute  the  differences  observed  solely  to 
the  group  itself,  but  the  effects  of  this  group  change  on  the  rest  of  the 
molecule   should   be   considered. 

INTERACTIONS    OF   SMALL    MOLECULES    WITH    PROTEINS 

A  great  deal  of  very  fine  work  in  recent  years  has  been  done  on  the 
binding  of  molecules  of  all  types  to  proteins,  but  the  results  and  general 
principles  that  have  emerged  have  been  little  applied  to  the  problems  of 
enzyme  inhibition.  It  has  often  been  felt  that  the  types  of  binding  are 
distinct;  that  measurements  of  over-all  binding  to  proteins  (such  as  would 
result  from  equilibrium  dialysis  studies)  refer  to  a  nonspecific  interaction, 
while  inhibition  studies  relate  to  specific  interactions.  It  is  true  that  com- 
petitive inhibition  on  substrate  sites  by  substances  closely  related  struc- 
turally to  the  substrates  is  probably  quite  specific;  on  the  other  hand,  many 
inhibitions  are  certainly  not  specific  for  any  active  site.  Likewise,  over-all 
protein  binding  can  be  quite  specific  or  relatively  nonspecific.  The  inhibi- 
tion of  enzymes  by  heavy  metal  ions  is  generally  not  s])ecific  in  the  sense 
that  these  metals  combine  only  with  active  sites;  they  bind  at  many  sites 
on  the  protein  and  incidentally  at  or  near  the  active  sites  —  a  study  of 
the  binding  by  physical  or  chemical  methods  can  be  very  informative  and 
applicable  in  many  respects  to  enzyme  inhibition.  The  basic  principles 
involved  and  the  types  of  forces  operative  are  certainly  the  same  in  both 
cases.  In  fact,  the  binding  energies  of  inhibitors  and  small  molecules  gen- 
erally cover  very  much  the  same  range.  Unfortunately,  the  subject  of 
the  general  binding  of  substances  to  proteins  is  so  large  that  it  could  not 
be  adequately  treated  in  the  present  work.  It  may  be  worthwhile,  however, 
to  mention  several  of  the  concepts  that  have  been  derived  from  such  bind- 
ing studies  and  which  bring  some  insight  into  the  mechanisms  and  forces 
involved  in  enzyme  inhibition.  For  more  detailed  information  on  the  bind- 
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ing  of  small  molecules  to  proteins,  the  following  general  references  may  be 
consulted:  Goldstein  (1949).  Klotz  (1949,  1953),  Gurd  and  Wilcox  (1956), 
Scatchard  et  al.  (1954),  and  Edsall  and  Wyman  (1958,  p.  591). 

Competition    between    Ligands   for   Binding   Sites 

It  was  pointed  out  earlier  in  this  chapter  that  the  binding  of  an  inhibitor 
to  an  enzyme  does  not  occur  in  a  vacuum  but  that  various  types  of  mole- 
cules may  have  to  be  displaced  from  both  the  site  and  the  ligand.  In  the 
absence  of  the  inhibitor,  the  enzyme  sites  are  not  free  but  may  be  asso- 
ciated to  a  greater  or  lesser  degree  with  water,  physiological  ions  including 
H"^,  or  other  substances  in  the  medium  used.  The  over-all  binding  energy 
must  include  the  energies  required  for  displacement  of  these  substances 
upon  interaction  of  the  inhibitor  with  the  enzyme  sites.  These  relationships 
have  been  studied  most  carefully  in  the  binding  of  small  molecules  to  pro- 
teins or  to  simpler  components  of  the  proteins,  such  as  peptides  or  amino 
acids,  and  it  is  upon  studies  of  this  kind  that  one  must  base  reasonable 
estimates  of  the  magnitude  of  the  effects  occurring  in  enzyme  inhibition. 

In  the  formation  of  ammonia  complexes  of  the  metal  ions,  such  as  Cu"^"^, 
the  displacement  of  water  molecules  from  the  ions  must  be  considered. 
Since  the  activity  of  the  water  remains  relatively  constant  in  such  systems 
it  has  been  customary  to  include  it  in  the  dissociation  constants,  but  in 
calculating  the  interaction  energy  of  ammonia  with  metal  ions  it  must 
be  remembered  that  the  dissociation  constant  does  not  represent  this  alone. 
Likewise,  the  dissociation  constant  of  oxyhemoglobin  includes  the  displace- 
ment of  the  water  molecule  that  is  bound  to  the  iron  atom  in  the  absence 
of  oxygen.  In  the  same  manner,  substrate  and  inhibitor  constants  include 
such  displacement  reactions.  The  effects  of  pH  on  binding  may  often  be 
attributed  to  a  competition  between  the  H"*"  and  the  cation  whose  interac- 
tion one  is  measuring;  this  has  been  studied  particularly  in  the  binding  of 
Ca"^'^  and  Mg"^^  to  proteins  (Carr  and  Woods,  1955).  We  have  considered 
the  effects  of  the  ionic  atmosphere  on  binding  but  in  many  cases  the  com- 
mon ions  of  the  medium  are  bound  more  tightly  and  more  specifically  to 
protein  sites.  K+  and  Na+  ions  are  bound  to  some  proteins  and  not  to  others 
(Carr,  1956)  and  with  greater  affinity  than  would  be  expected,  leading  to 
the  postulate  that  a  chelation  mechanism  is  responsible  (Saroff,  1957). 
If  this  is  true,  it  would  imply  a  fair  degree  of  specificity  since  the  carboxylate 
groups  of  glutamate  and  asparate  must  be  close  enough  to  the  imidazole 
groups  of  histidine  for  the  chelation  to  occur.  Serum  albumin  can  bind  sev- 
eral simple  cations  and  as  much  as  forty  CF  ions  per  molecule  and  it  is 
likely  that  many  enzyme  j^roteins  would  show  similar  binding  properties. 

The  effects  of  different  buffers  and  ionic  strengths  are  perhaps  to  be 
ascribed  in  part  to  such  associations.  We  shall  see  that  the  nature  of  the 
buffer  may  be  important  in  enzyme  inhibition  (Chapter  15)  and  it  is  per- 


314  6.    INTERACTIONS    OF    INHIBITORS    WITH    ENZYMES 

tinent  now  to  point  out  that  the  binding  of  the  dye  methyl  orange  to  se- 
rum albumin  has  been  studied  quantitatively  in  this  regard  (Klotz,  1949). 
The  buffer  anion  can  compete  with  the  dye  anion  for  binding  sites  and  the 
effect  is  thus  dependent  upon  the  concentration  of  the  buffer  anion.  Even 
the  CF  ion  can  interfere  with  the  dye  binding  by  this  mechanism. 

Multiple   Binding  Sites  on   One   Protein   Molecule 

In  the  expressions  of  enzyme  kinetics,  (E)  refers  to  the  concentration 
of  active  sites,  not  necessarily  enzyme  molecules,  and  hence  the  number 
of  sites  on  a  single  enzyme  molecule  is  of  no  consequence  in  these  formu- 
lations unless  the  sites  can  interact  with  one  another.  Interactions  between 
sites  on  enzymes  have  not  been  adequately  studied  but  situations  analogous 
to  hemoglobin,  where  the  four  heme  sites  are  interdependent,  may  well 
occur.  The  kinetics  of  multiple  interactive  sites  have  been  presented  (Chap- 
ter 3)  and  the  forces  responsible  for  such  interaction  may  now  be  attributed 
to  a  direct  influence  (electrostatic  or  steric)  or  an  indirect  influence  mediated 
through  the  protein.  In  the  binding  of  small  ions  or  molecules  to  proteins, 
it  has  been  found  that  several  sites  are  usually  present  on  a  molecule.  For 
serum  albumin  the  following  number  of  sites  have  been  demonstrated: 
Cu++,  16;  Ca++  and  Mg++,  8;  dodecyl  sulfate,  14;  phenylbutyrate,  24; 
methyl  orange,  22;  and  testosterone,  9.  Interactions  between  such  sites 
have  been  found. 

The  binding  of  Cu"'""'"  to  serum  albumin  at  25°  is  characterized  by  a  re- 
duction in  binding  energy  with  each  Cu"^"^  ion  bound.  The  first  Cu"^"^  ion 
is  bound  with  JF  =  —  5.91  kcal/mole  whereas  the  last  or  sixteenth  Cu++ 
ion  is  bound  with  JF  =  —  1.72  kcal/mole,  a  reduction  of  0.26  kcal/mole 
for  each  Cu++  bound  on  the  average.  This  effect  is  due  to  two  factors:  the 
statistical  effect,  whereby  the  progressive  occupancy  of  sites  restricts  the 
probability  for  a  Cu++  ion  finding  an  unoccupied  site,  and  an  electrostatic 
effect  resulting  from  the  altered  electrical  field  of  the  protein  upon  binding 
of  the  Cu"^"^  ions  (Klotz,  1949).  Simpler  systems  are  presented  by  the  com- 
plexes of  metal  ions  with  nitrogenous  substances,  such  as  Zn(NH3)4"'"'^, 
Ni(NH3)e"'""'",  and  Cu(imidazole)4"^"^,  where  the  binding  of  each  successive 
ammonia  or  imidazole  is  altered  by  the  previously  bound  molecules.  The 
complexes  of  4-methylimidazole  have  been  studied  recently  by  Nozaki 
et  at.  (1957)  and  the  successive  p£''s  (the  K  is  here  the  intrinsic  dissociation 
constant  in  order  to  eliminate  the  statistical  factor)  were  found  to  be: 


Cu++  complexes 

Zn++  complexes 

3.53 

1.84 

3.31 

2.35 

3.05 

2.82 

2.56 

2.98 
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The  Zn++  and  Cu++  thus  behave  differently:  the  binding  of  4-methylimi- 
dazole  to  Cu++  decreases  the  affinity  for  succeeding  molecules,  whereas 
binding  to  Zn++  increases  the  affinity.  The  explanation  probably  lies  in 
the  planar  configuration  of  the  Cu-N  bonds  and  the  tetrahedral  arrangement 
of  the  Zn-N  bonds.  The  evaluation  of  successive  constants  was  first  treated 
thoroughly  by  Bjerrum  (1941)  and  a  very  comprehensive  presentation  is 
given  by  Edsall  and  Wyman  (1958,  p.  591). 

Similar  interactions  between  binding  sites  may  well  occur  on  enzymes 
and  in  such  cases  the  determined  K^  or  K^  may  not  relate  to  any  specific 
binding  but  represent  only  the  mean  value  over  the  range  studied.  For 
'positive  interactions  (where  the  binding  of  a  molecule  helps  the  binding  of 
another  molecule)  the  determined  K^  might  be  smaller  than  for  the  uncom- 
plicated binding  of  the  first  inhibitor  molecule,  whereas  for  negative  inter- 
actions (where  the  binding  of  a  molecule  hinders  further  binding)  it  would 
be  larger. 

It  is  probable  that  is  some  cases  the  total  number  of  binding  sites  for 
an  inhibitor  is  greater  than  the  number  of  enzymically  active  sites;  that 
is,  the  inhibitors  may  be  bound  to  both  active  and  inactive  sites.  Binding 
to  inactive  sites  would  not  necessarily  affect  the  active  sites  with  respect 
to  enzyme  rate  but  might  affect  the  binding  of  other  inhibitor  molecules 
to  the  active  sites  and  thus  modify  the  determined  K^.  Although  this  effect 
is  not  generally  very  significant,  it  may  well  be  important  in  mutual  de- 
pletion systems  (pseudoirreversible  or  titration  inhibition),  inasmuch  as 
the  characteristic  behavior  of  such  systems  depends  on  the  reduction  in 
inhibitor  concentration,  and  it  is  of  no  importance  where  the  inhibitor  is 
bound.  It  is  very  difficult,  for  example,  to  estimate  the  number  of  active 
sites  from  such  titration  inhibition  data,  even  with  pure  enzymes,  due  to 
possible  binding  with  other  groups.  This  problem  has  been  referred  to  in 
Chapter  3  and  will  be  taken  up  in  more  detail  in  Chapter  15. 

Effect  of  Total   Protein  Charge  on   Binding 

Except  at  their  isoelectric  points,  proteins  possess  a  net  charge  and  it 
has  been  frequently  assumed  that  this  net  charge  determines  whether  ions 
will  be  bound  or  not.  However,  there  are  many,  instances  where  ions  are 
bound  to  proteins  although  the  signs  of  the  charges  are  the  same.  Mg"^"*" 
is  bound  to  lysozyme  at  pH  7.4,  although  at  this  pH  the  protein  is  posi- 
tively charged  (Carr  and  Woods,  1955)  and  the  anion  of  methyl  orange  is 
bound  to  serum  albumin  throughout  a  pH  range  above  the  isoelectric  point 
when  the  protein  is  negatively  charged.  Undoubtedly  a  net  protein  charge 
must  influence  many  interactions  electrostatically,  and  probably  prevents 
some  from  occurring,  but  it  is  not  necessarily  the  deciding  factor.  Presum- 
ably on  a  protein  that  has  a  net  negative  charge,  there  are  regions  where  a 
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positive  charge  dominates  and  where  binding  of  a  negative  ion  can  occur. 
Thus  the  net  charge  on  an  enzyme  should  not  be  considered  to  be  as  im- 
portant as  the  regional  charge  or  electrical  field  at  the  active  sites,  with 
respect  to  the  interaction  of  ionic  inhibitors. 

One  method  of  determining  the  nature  of  the  protein  groups  involved 
in  the  binding  of  a  particular  ligand  is  to  react  certain  of  the  protein  groups 
and  note  the  effect  this  has  on  the  binding.  A  decreased  binding  following 
acetylation  of  free  amino  groups  on  the  protein  might  be  considered  as 
indicating  the  participation  of  these  amino  groups  at  the  binding  sites,  but, 
as  has  been  pointed  out  by  Levedahl  and  Bernstein  (1954),  such  acety- 
lation also  results  in  a  reduction  of  positively  charged  groups  and  may 
change  the  net  charge  of  the  protein  from  positive  to  negative.  This  could 
have  a  nonspecific  effect  of  repelling  anions  and  be  the  explanation  for  the 
decrease  in  binding.  Modification  of  charged  groups  on  proteins  must  then 
be  considered  from  this  point  of  view  also  in  attempts  to  determine  the 
groups  with  which  inhibitors  react. 

Effect  of  Temperature  on  Binding 

The  binding  of  various  substances  to  serum  albumin  is  not  markedly  af- 
fected by  temperature  changes  (Klotz,  1949;  1953)  and  in  some  cases  it 
has  been  difficult  to  determine  accurately  the  change  in  dissociation  con- 
stant over  a  range  of  20^  to  30^.  Since  d  In  KjdT  =  JH!RT\  it  would 
appear  that  the  enthalpy  of  binding  is  low  in  these  cases  and  thus  that  the 
affinity  for  the  protein  is  mainly  dependent  on  entropy  changes.  It  is  true 
that  the  substances  studied  were  mainly  anions  so  that  entropy  changes 
due  to  water  displacement  would  be  anticipated,  but  it  is  likely  that 
binding  of  nonionic  substances  often  involves  appreciable  changes  in  the 
water  structure  and  that  temperature  coefficients  will  be  relatively  low 
for  these.  In  conformity  with  these  results,  we  shall  find  that  enzyme  in- 
hibition is  frequently  little  dependent  on  temperature  and  probably  for 
the  same  reasons.  Of  course  there  are  types  of  inhibition  which  represent 
more  than  mere  binding  to  the  enzyme  and  for  which  high  temperature 
coefficients  have  been  found. 

Specificity  in  Simple  Protein  Binding 

That  protein  complexes  with  small  molecules  are  not  instances  of  simple 
surface  adsorption  or  nonspecific  binding  is  indicated  in  several  ways.  The 
number  of  binding  sites  is  often  small  relative  to  the  number  of  molecules 
that  could  cover  the  protein  surface  and  the  data  support  the  hypothesis 
that  the  affinity  for  these  sites  (the  intrinsic  dissociation  constant)  is 
constant  for  a  substance,  except  where  interactions  between  sites  occur. 
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By  group-specific  reactants  it  has  been  demonstrated  that  certain  protein 
side-chains  may  be  necessary  for  the  binding.  The  binding  of  testosterone 
to  serum  albumin  is  especially  interesting  in  this  connection  because  the 
substance  is  neutral  and  changes  in  total  protein  charge  would  not  be 
expected  to  be  of  much  importance.  The  binding  energy  is  approximately 
—  6  kcal/mole  and  the  maximal  number  of  testosterone  molecules  bound  is 
5  or  6  per  molecule  of  protein  (Levedahl  and  Perlmutter,  1956).  Two  tyrosine 
groups  in  the  serum  albumin  seem  to  be  involved  in  the  binding  of  one 
testosterone  molecule  since  the  effect  of  pH  on  binding  indicates  that  the 
testosterone  is  released  when  the  phenolic  groups  become  ionized.  Although 
iodination  of  the  tyrosine  rings  does  not  alter  binding  significantly,  keten- 
ization  of  the  phenolic  groups  prevents  binding  (Oyakawa  and  Levedahl, 
1958).  It  was  postulated  that  the  testosterone  molecule  lies  parallel  to 
the  tyrosine  rings  and  that  the  hydroxyl  or  ketone  groups  on  the  sterol 
react  with  the  phenolic  groups.  In  this  instance  the  specificity  of  binding 
seems  to  be  rather  high  and  might  be  extended  to  other  sterols,  such  as 
cortisone  and  estradiol  (Eik-nes  et  al.,  1954).  A  very  interesting  discussion 
of  structural  specificity  in  sterol  binding  has  been  given  by  Turner  (1954). 
When  enzyme  inhibitors  are  optically  active,  it  is  generally  found  that 
differences  in  potency  are  observed  between  the  isomers,  so  that  the  demon- 
stration by  Karush  (1952)  that  optically  isomeric  dyes  are  bound  different- 
ly to  serum  albumin  is  important  in  iUustrating  such  specificity.  The  rel- 
ative  positions  of  the   phenyl  ring   in 

(CH3),X— cp— X=X— cp— COXH— C^COO" 

<P 

must  be  important  in  the  affinity  of  this  dye  for  the  protein,  indicating 
a  specific  configuration  at  the  landing  sites. 

Finally,  the  concept  of  specific  binding  is  strengthened  by  the  fact 
that  for  a  particular  compound,  binding  may  occur  to  only  certain  proteins 
and  not  to  others,  even  though  the  over-all  net  charge  on  the  proteins  may 
be  the  same.  Thus  with  methyl  orange,  only  serum  albumin  and  /?-lacto- 
globulin  of  the  some  dozen  proteins  studied  were  found  to  present  adequate 
binding  sites  (Klotz  and  Urquhart.  1949  b).  Proteins  with  similar  physical 
and  chemical  characteristics  often  exhibit  preferential  binding  for  small 
molecules  and  ions,  indicating  that  certain  group  configurations  on  the 
protein   surface   are  necessary. 


FUTURE   PROBLEMS   IN    MOLECULAR  INTERACTIONS 

A  cycloramic  approach  to  the  subject  of  molecular  forces  in  enzyme  inhi- 
bition has  been  presented  and  it  is  to  be  regretted  that  in  most  cases  the 
real  objects  in  the  picture  are  slight  in  comparison  with  the  painted  back- 
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ground.  It  is  not  advisable  tiiat  the  inherent  complexities  of  intermolecular 
reactions  be  minimized  for  the  problems  must  be  faced  and  progressively 
solved.  The  development  with  respect  to  enzyme  inhibition  must  progress 
through  the  interplay  of  two  principal  lines  of  investigation:  the  theo- 
retical and  experimental  study  of  intermolecular  forces  between  simple  mol- 
ecules of  biological  significance  on  the  one  hand,  and  the  accumulation 
and  interpretation  of  much  quantitative  data  from  enzyme  inhibitions 
on  the  other.  Only  by  the  full  utilization  of  the  results  of  both  approaches 
can  a  more  accurate  and  meaningful  understanding  on  the  molecular  level 
be  attained.  Many  investigations  are  concerned  only  with  whether  an  inhi- 
bitor acts  on  the  system  or  not  and  such  studies  contribute  nothing  to  the 
problem  of  mechanisms.  It  is  somewhat  laborious  to  vary  concentrations 
and  various  factors,  to  obtain  accurate  data  and  to  submit  these  data 
to  a  thorough  analysis,  bearing  in  mind  all  of  the  possibilities  in  mechanism 
and  the  many  types  of  forces  that  must  be  considered  as  contributing  to 
the  total  binding  energy,  but  once  the  interest  of  the  investigator  is  attuned 
to  molecular  levels  it  is  very  rewarding.  The  study  of  enzyme  inhibition  is, 
of  course,  only  one  aspect  of  the  general  problem  of  the  interactions  wich 
proteins  and  advances  in  the  general  field  must  be  applied  to  the  special 
phenomenon  of  inhibition  to  achieve  maximal  progress.  As  in  any  scientific 
field,  the  greater  our  knowledge  of  the  basic  mechanisms,  the  more  readily 
we  can  predict  interactions  and  develop  enzyme  inhibitors  of  high  potency 
and  specificity  for  use  in  both  research  and  medicine. 

It  must  be  admitted  that  the  state  of  knowledge  of  enzyme  interactions 
is  relatively  rudimentary,  as  it  is  in  the  field  of  molecular  interactions 
in  general.  The  author  has  probal)ly  exceeded  the  limits  of  certainty  in 
some  cases  and  stated  some  doubtful  points  with  more  conviction  than  is 
justified.  This  has  been  done  in  the  interests  of  clarity  but  apologies  must 
be  made  not  only  for  such  overstatements  but  also  for  the  sins  of  omission, 
because  of  which  important  reports  have  been  unrecognized  or  here  un- 
recorded. If  the  inaccuracies  stimulate  others  to  any  profitable  emotion  or 
to  more  rigorous  solutions  of  the  problems,  we  shall  be  indebted  to  these 
inaccuracies,  although  I  regret  them. 


CHAPTER   7 

INHIBITION  IN  MULTIENZYME  SYSTEMS 


The  previous  chapters  have  been  concerned  with  the  kinetics,  interactions, 
and  inhibitions  of  single  enzymes.  However,  most  enzymes  ^participate  in 
metabolic  pathways  in  the  cell  and  are  related  functionally  to  one  another 
by  the  intermediates  that  arise  in  the  individual  reactions.  Such  a  group 
of  interrelated  enzymes,  catalyzing  the  various  steps  in  a  metabolic  sequence, 
may  be  termed  a  multienzyme  system.  The  enzymes  involved  in  these 
systems  may  be  bound  together  or  confined  within  small  regions  of  the 
cell;  on  the  other  hand  they  may  exist  in  homogeneous  solution.  Spatial 
orientation  of  enzymes  relative  to  one  another  may  accelerate  the  over-all 
rate,  since  the  diffusion  time  between  enzymes  is  reduced;  the  concen- 
trations of  intermediates  may  be  maintained  at  relatively  high  levels;  and 
utilization  of  unstable  intermediates  is  made  possible.  Such  organization 
is  not  necessary  in  multienzyme  systems  and  many  reactions  of  many 
steps  occur  readily  when  the  enzymes  are  separate  and  freely  diffusible. 
For  the  purpose  of  the  present  chapter,  the  organization  of  the  enzyme  sys- 
tem will  not  be  of  importance  in  most  cases  and  this  question  will  be  con- 
sidered more  fully  in  Chapter  9.  Inhibition  in  multienzyme  systems  is  of- 
ten quantitatively  and  sometimes  qualitatively  different  from  inhibitions 
on  single  enzymes.  We  shall  be  principally  concerned  with  the  effects  of 
inhibition  of  a  single  enzyme  unit  of  a  multienzyme  system  on  the  over- 
all rate  of  this  system  and  the  concentrations  of  the  intermediates.  Very 
little  quantitative  work  has  been  done  on  these  aspects  of  multienzyme 
systems,  nor  have  the  rate  equations  and  inhibition  kinetics  been  rig- 
orously developed.  The  systems  to  be  discussed  in  this  chai^ter  are  much 
simpler  than  many  of  those  occurring  in  cells,  but  illustrate  certain  prin- 
ciples that  may  be  extended  to  the  more  comi^lex  metabolic  patterns 
that  cannot  be  treated  mathematically  with  ease.  Such  complex  systems 
will  be  taken  up  in  Chapter  9  in  connection  with  inhibition  within  cells 
and  tissues.  General  considerations  and  examples  of  multienzyme  systems 
may  be  found  in  Dixon  (1949),  Greenberg  (1956),  Hinshelwood  (1946, 
Chapt.   IV),   Mehler   (1957,   Chapt.   IX),   and  Reiner   (1959,    Chapt.   XI). 
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CONCEPTS   AND   TERMINOLOGY 

A  multienzyme  system  may  be  said  to  be  in  a  steady  state  when  the  con- 
centrations of  all  components  (enzymes,  substrates,  intermediates,  and 
products)  and  the  rates  of  the  individual  reactions  remain  constant  with 
time.  Such  a  state  differs  from  equilibrium  in  that  there  is  a  constant 
flow  of  material  through  the  system  and  a  constant  flux  energy  charac- 
teristic of  the  state  (Burton,  1939).  In  the  simple  linear  sequence: 

El      Ea       E3       E„ 
S^  B^  C^  ...^  P 

Vi  V2  V3  v„ 

a  steady  state  implies  that  v^  —  Vo  =  v^  =  v„  and  that  (S),  (B),  (C),  and 
(P)  remain  constant.  The  concentrations  of  substrate  and  product  can 
be  kept  constant  by  diffusion  of  S  into  and  of  P  out  of  the  system,  and 
these  diffusion  rates  will  then  be  equal  to  the  enzyme  rates  v^,  t'a,  ...  u„.  The 
multienzyme  system  above  could  be  represented  within  the  cell  as  follows: 


V'  Vi  Vo         Vo  v„  v" 

Oo  — ^  o  i  — >  ij  — >■  (y  — >  . . .  — >  X  J  — >  X  o 


where  v'  and  v"  are  the  rates  of  diffusion  through  the  cell  membrane  and 
where  v'  —  v"  =  Vy  =  V2  =  v^  =  v,^.  Such  a  situation  is  designated  as  an 
open  system  since  material  enters  and  leaves  the  system  under  considera- 
tion. In  a  closed  system,  on  the  other  hand,  material  is  not  exchanged  with 
the  environment  and  a  true  steady  state  is  not  possible  (Bertalanffy,  1950). 
A  further  classification  of  some  importance  in  cellular  metabolism  may  be 
made  with  respect  to  the  uniformity  of  the  system.  In  a  uniform  system  the 
enzymes  are  distributed  homogeneously  whereas  in  a  nonuniform  system 
they  may  be  aggregated  or  fixed  within  certain  regions  or  structures 
(Bierman,  1954).  Finally,  a  step  in  a  multienzyme  system  is  said  to  be  a 
limiting  reactio7i  when  the  over-all  rate  of  the  system  is  determined  primarily 
by  the  rate  of  this  reaction;  more  precise  definitions  will  be  proposed  later. 
Biological  systems  and  metabolic  preparations  are  usually  not  in  a  true 
steady  state  for  several  reasons.  (1)  Enzyme  experiments  run  in  reaction 
vessels  of  finite  size  represent  closed  systems,  the  concentration  of  sub- 
strate decreasing  and  the  concentration  of  product  increasing  with  time. 
However,  it  is  possible  that  the  reaction  will  sinuilate  a  steady  state  if 
the  initial  substrate  concentration  is  greater  than  that  required  to  satu- 
rate its  enzyme;  negligible  changes  in  rate  will  occur  until  the  substrate 
concentration  falls  below  this  level.  (2)  Many  preparations  of  mitochon- 
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dria,  cells,  or  tissues  are  unstable  and  tend  to  lose  various  substances  from 
the  cells  and  pick  up  others  from  the  medium.  These  substances  may  not 
be  involved  directly  in  the  multienzyme  system  but  may  influence  its 
behavior;  the  common  inorganic  ions  may  be  placed  in  this  category. 
(3)  The  concentrations  of  the  component  enzymes  may  change.  Inactivation 
of  enzymes  in  metabolic  preparations  usually  occurs  and  leakage  of  enzymes 
or  coenzymes  from  cellular  or  subcellular  structures  is  well  known.  Fur- 
thermore, the  enzyme  concentration  may  fluctuate  with  the  concentration 
of  its  substrate  in  the  manner  of  adaptive  enzymes,  (-i)  Cell  populations  are 
seldom  static  and  are  generally  either  increasing  by  growth  or  decreasing 
by  various  processes  of  degeneration  or  death.  Such  processes  would  have 
direct  and  indirect  effects  on  any  multienzyme  system  being  studied.  For 
practical  purposes,  therefore,  one  must  usually  be  satisfied  with  a  system 
approaching  steady  state  kinetics.  Such  an  approximation  can  often  be 
accomplished  by  restricting  the  experimental  time  interval  to  a  period 
during  which  negligible  changes  have  occurred  in  the  rates  and  concen- 
trations. It  would  be  more  correct  to  speak  of  such  systems  as  in  a  pseudo- 
steady  state.  In  such  situations  there  is  a  continuous  succession  of  steady 
states  with  time,  the  transitions  between  them  being  smooth  and  continuous. 
The  more  important  multienzyme  systems  to  be  discussed  may  be  clas- 
sified in  the  following  manner. 

I.  Monolinear  chains  A-^B^-...^P 

II.  Branched  chains 
A.  Convergent 


B.  Divergent 

III.  Polylinear  chains  (shunts) 

IV.  Distributive  systems 


V.  Cyclic  systems 


)c 

B^ 

-^D 

A^B 

a->b( 

)« 

B            C 

\/ 

a^=^x^= 

/\ 

a         F 

^D 

A  - 

^  B 

t 

1 

D  - 

^  C 
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VI.  Regenerative  systeyns 

(The  substance  X  is  regenerated  during  the  reactions.)        A  +  X-^  B  +  Y 

C  +  Y^D  +  X 


V 


VII.  Self-regulatory  system  (feedback) 
(D  affects  the  rate  of  A  ->  B.)  A^  B-»  C^  D 

VIII.  Network  systems  M  -  M  -  M 

(Electrons  flow  from  A  to  B  through  j        j^      J^ 

.,      „        ^,.         ,  A^M-M-M^B 

a  grid  01  metal  ions.)  ,         ,         , 

^  M  -  M  -  M  ^ 

Any  or  all  of  the  reactions  indicated  may,  of  course,  be  reversible.  Many 
reactions  in  multienzyme  systems  are  truly  reversible  but  for  practical 
purposes  may  be  considered  as  irreversible  if  the  back-reaction  under  the 
experimental  circumstances  is  negligible. 

Each  enzyme  of  a  multienzyme  system  catalyzes  a  reaction  which  may 
be  represented  in  a  steady  state,  as  described  in  Chapter  2,  since  for  the 
simplest  enzyme  reaction  there  are  two  steps,  the  formation  of  the  ES 
complex  and  its  breakdown.  Thus  each  single  reaction  in  the  schemes  above 
is  in  reality  usually  complex  kinetically  and  the  steady  state  of  a  multi- 
enzyme system  implies  the  steady  state  of  each  component  reaction. 
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The  simplest  multienzyme  system  may  be  represented  by: 

El       Ej 

A^B^C  (7-1) 

where  each  reaction  is  essentially  irreversible.  The  kinetics  and  inhibi 
tion  of  this  system  can  be  readily  extended  to  chains  of  greater  length. 
Actually  there  are  probably  relatively  few  simple  monolinear  chains  in  the 
cell  because  most  systems  depend  in  some  manner  on  other  reactions  or 
sequences,  or  are  parts  of  more  complex  metabolic  patterns.  However, 
in  isolated  preparations  or  reconstructed  systems,  monolinear  chains  are 
more  common.  Under  the  appropriate  conditions  the  following  may  behave 
as  monolinear  chains:  ethanol  ->  acetaldehyde  -^  acetate;  epinephrine  -^ 
o-quinone  form  ->  adrenochrome;  ATP  ->  ADP  ->  AMP;  phenylalanine  -> 
hydroxyphenylalanine  ->  hydroxyphenylpyruvate  -^  homogentisate;  and 
succinate  ->  fumarate  -^  malate.  If  reaction  7-1  is  in  a  steady  state  and 
some  mechanism  is  provided  whereby  the  concentrations  of  A  and  C 
do  not  change,  the  rate  of  each  step  is  the  same,  i.e.,  i\  =  t',^  =  v^^  where 
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Vgi  shall  designate  the  steady-state  rate  of  the  system  as  a  whole,  usually 
experimentally  determined  by  the  formation  of  the  product  C. 

Concentration  of  the  Internnediate  B 

If  Michaelis-Menten  kinetics  hold  for  each  enzyme,  the  individual  rates 
are  given  by: 

F.(A)  y=(B) 

"■  ^  (ir-TKr  "-  =  wtk:         "■'' 

where  K^  and  K.2  are  the  Michaelis  constants  and  F^  and  Fg  are  the  maximal 
rates  for  reactions  1  and  2,  respectively.  Setting  v^  =  v^  and  solving  for 
(B),  the  steady-state  concentration  is  found  to  be: 

(B)  ^ M^^A^ (7-3) 

^    '        (A)(F.  -  F,)  +  F.A^ 

Since  F^  =  l\{Ei)i  and  F,  =  h^iEi)^,  where  A-^  and  h.y  are  the  rate  constants 
for  the  breakdown  of  the  ES  complexes,  (B)  depends  on  the  Michaelis  con- 
stants, rate  constants,  and  enzyme  concentrations  of  both  reactions.  It  may 
be  noted,  however,  that  (B)  depends  on  the  ratio  F1/F.2  and  not  on  the 
absolute  values.  The  variation  of  (B)  with  the  concentration  of  substrate 
A  as  it  depends  on  VJV2  is  shown  in  Fig.  7-1.  The  value  of  (B)  can  theo- 
retically be  greater  or  smaller  than  (A)  in  the  steady  state.  However,  lim- 
its to  which  (B)  can  rise  are  generally  imposed  by  the  nature  of  the  sys- 
tem. In  reactions  run  in  homogeneous  closed  systems  (as  with  enzyme 
solutions  in  reaction  vessels),  (B)  must  always  be  a  small  fraction  of  (A), 
since  otherwise  it  would  imply  that  an  appreciable  amount  of  A  had  been 
reacted  and  its  concentration  reduced  from  the  initial  value.  In  open  sys- 
tems where  (A)  can  be  maintained  constant  from  an  outside  source,  or  in 
nonuniform  systems  where  B  can  be  trapped,  (B)  can  rise  to  values  higher 
than  (A).  The  level  to  which  (B)  can  rise  often  determines  whether  the 
system  will  be  in  a  steady  state  or  not,  and  this  will  be  considered  in  more 
detail  later.  It  may  also  be  noted  that  (B)  is  not  necessarily  linearly  re- 
lated to  (A),  except  when   F^  =  Fg. 

The  Over-All   Steady-State   Rate,   /gt 

When  the  system  is  in  a  steady  state,  the  rate  of  disappearance  of  the 
substrate,  —  d(A)ldt,  is  equal  to  the  rate  of  formation  of  the  product, 
d{C)l(h,  and  this  rate  will  be  determined  by  the  first  reaction.  Thus  Vg^ 
will  always  be  Fi(A)/[(A)  +  K^]  in  the  steady  state.  However,  if  the  system 
in  not  in  a  steady  state  and  B  is  being  formed  faster  than  it  can  be  utilized, 
diQl'dt  will  not  be  equal  to  —  d{A)jdt  but  will  depend  on  (B)  and  will  not 


324 


7.    INHIBITION  IN  MULTIENZYME   SYSTEMS 


o 

t 

pq 

^ 

t 

a 

^ 


■ 

73 

b 

C 

a 

ed 

_C 

^ 

o 

C 

a 

o 

e 

o 

pq  ;-r 


-c    c 


S    o 


> 


Ph 


IRREVERSIBLE    MONOLINEAR    CHAINS 


325 


be  constant  because  (B)  is  probably  increasing  with  time.  The  results  of 
inhibition  on  such  systems  will  depend  on  whether  the  system  is  in  a 
steady  or  nonsteady  state. 

Graphical  Representation  of  Sequential  Reaction  Chains 

It  is  convenient  to  visualize  the  relationships  in  multienzyme  systems 
by  inspection  of  the  rate  curves  for  each  enzyme  reaction  involved.  Such 
curves  are  plotted  for  three  values  of  Fj/Fg  in  Figs.  7-2,  3,  and  4.  When 


(S) 


lOOOmM 


Fig.  7-2.  Rate  curves  for  a  monolinear  chain.  Curve  Vi  shows  the  rate  for  reaction  1 
alone:  Vi  —  3  and  K^  =  10  mM.  Curve  Uj  shows  the  rate  for  reaction  2  alone:  Fg  =  1 
and  K2  =  2  mil/.  Curve  t'2'  shows  the  rate  for  reaction  2  alone:  V^  =  I  and  K^'  =  0.5 
mil.  Dashed  lines  cut  the  curves  V2  and  Vj'  at  points  indicating  the  concentration  of 
B  necessary  for  the  steady  state  when  (A)  =  3  mM. 


F1/F2  =  3  it  is  seen  that  if  i'^  is  greater  than  Fg  the  system  cannot  be  in 
a  steady  state,  for  B  cannot  be  reacted  at  a  rate  faster  than  Fg  whatever 
(B).  In  the  present  case,  this  puts  a  limit  on  (A)  of  5  mM  for  a  steady  state. 
When  F1/F2  =  1  or  0.33  the  system  can  always  be  in  a  steady  state  at  any 
value  of  (A),  since  v\  can  never  be  greater  than  Fg,  but  restrictions  may  limit 
the  level  that  (B)  can  attain  and  hence  there  may  be  a  maximal  (A)  beyond 
which  the  steady  state  will  not  occur. 

From  these  curves  the  value  of  (B)  for  any  substrate  concentration  can 
be  estimated  wlien  the  system  is  in  a  steady  state.  A  horizontal  line  is 
drawn  at  the  rate  of  reaction  1  for  the  specified  concentration  of  A  and 
the  intersection  with  the  rate  curve  for  reaction  2  gives  (B).  Thus  in  the 
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FiG.  7-3.  Rate  curves  for  a  monolinear  chain.  Curve  Vj  shows  the  rate  for  reaction  1 

alone:  Fi  =  1  and  K^  =  10  nxM.  Curve  x\  shows  the  rate  for  reaction  2  alone:  Fg  =  1 

and  K2  =  2  mlf .  Dashed  line  cuts  curve  V2  at  the  concentration  of  B  necessary  for  the 

steady  state  when  (A)  ^  3  mM. 


OOOmM 


(S)- 


FiG.  7-4.  Rate  curves  for  a  monolinear  chain.  Curve  v^  shows  the  rate  for  reaction  1 

alone:  Fj  =  1  and  K^  =  10  mM.  Curve  Vj  show  the  rate  for  reaction  2  alone:  F2  =  3 

and  A'2  =  2  mil/.  The  dashed  line  cuts  curve  V2  at  the  concentration  of  B  necessary 

for  the  steady  state  when  (A)  =  3  mil/. 
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situations  plotted  in  Figs.  7-2,  3,  and  4,  lines  have  been  drawn  for  (A)  = 
3  viM,  from  which  it  can  be  seen  that  (B)  must  reach  the  following  levels 
to  achieve  a  steady  state: 


V^/V, 

(B) 

(miH) 

3 

1 
0.33 

4.5 
0.6 
0.17 

The  third  curve  for  Vg'  in  Fig.  7-2  shows  that  reduction  in  K2  leads  to  a 
marked  reduction  in  (B)  for  the  steady  state;  low  values  of  K2  thus  favor 
the  possibility  of  a  steady  state. 

Inhibition  of  Monolinear  Chains 

The  nature  of  the  response  of  a  multienzyme  system  to  inhibition  de- 
pends on  three  things:  (1)  the  reaction  step  inhibited  (i.e.,  E^  or  Eg  in  sys- 
tem 7-1),  (2)  the  type  of  inhibition  (e.g..  competitive  or  noncompetitive), 
and  (3)  the  state  of  the  system  previous  to  inhibition  (which  is  determined 
by  the  concentrations  of  substrate  and  enzymes,  and  the  various  constants 
of  the  system).  Inhibition  may  shift  the  steady-state  rate  of  the  system  to 
a  new  level,  or  take  the  system  out  of  a  steady  state,  or  put  the  system 
into  a  steady  state  from  a  nonsteady  one.  The  concentrations  of  interme- 
diates may  go  up  or  down  and  this  may  have  effects  on  cellular  processes 
other  than  the  simple  system  considered.  The  accumulation  of  citrate  dur- 
ing the  fluorocitrate  block  of  aconitase  is  responsible  for  some  of  the  toxic 
effects  observed.  The  striking  effects  of  alcohol  following  disulfiram  (An- 
tabuse) are  due  to  the  accumulation  of  acetaldehyde  in  the  tissues  as  the 
result  of  the  inhibition  of  the  aldehyde  dehydrogenase,  catalyzing  the  sec- 
ond reaction   in   the   sequence   ethanol  —>  acetaldehyde  ->  acetate. 

{A)  Noncompetitive  inhibition.  The  maximal  rate,  F,„,  of  the  enzyme 
noncompetitively  inhibited  will  be  decreased  (see  Eq.  3-16)  and  thus  the 
primary  result  of  such  inhibition  on  the  simple  system  treated  here  will 
be  a  change  in  the  F1/F2  ratio.  The  effects  of  inhibitions  of  E^  and  Eg 
on  various  systems  are  shown  graphically  in  Fig.  7-5  (I  to  VI).  Since  the 
over-all  steady-state  rate,  v,,,  depends  on  the  rate  of  reaction  1,  inhibition 
of  E^  will  result  in  the  same  reduction  of  v,,  as  of  i'^.  However,  if  the  system 
is  originally  not  in  a  steady  state,  inhibition  of  E-^  may  not  affect  the  for- 
mation of  C  until  reaction  1  has  been  reduced  sufficiently  to  limit  the  over- 
all rate.  The  level  of  (B)  will  be  decreased  in  all  cases  in  which  E^  is  inhibited. 
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Fig.  7-5.  Effects  of  noncompetitive  inhibition  on  a  monolinear  chain  A-^B->C. 
Curves  1  and  2  in  each  case  show  the  rates  of  reaction  1  and  reaction  2,  respec- 
tively. The  dashed  curves,  labeled  either  1,  or  2^,  show  the  rates  of  these  reac- 
tions following  inhibition.  The  horizontal  dashed  line  labeled  v,t  indicates  the 
steady-state  rate  and  cuts  the  curves  at  the  concentrations  of  A  and  B  in  the 
steady-state.  When  reaction  1  is  inhibited  this  line  is  lowered  to  that  indicated 
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Fig.  7-5  (contimied) 
by  ?;,.  The  vertical  dashed  lines  indicate  the  concentrations  of  A  and  B  and  are 
labeled  below.  For  example,  in  case  I  the  concentrations  are  (A)  and  (B)  initially 
and  the  system  is  operating  in  the  steady  state  at  a  rate  v^t-  The  addition  of  an 
inhibitor  of  E2  leads  to  a  depression  of  the  rate  curve  for  this  reaction  and  the 
concentration  of  the  intermediate  rises  from   (B)  to  (B),-. 
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Inhibition  of  E2  will  increase  (B)  and  the  rate  of  formation  of  C  will 
not  be  reduced  as  long  as  the  system  can  remain  in  a  steady  state.  It  is 
evident  that  if  Fg  is  decreased  below  v^,  the  steady  state  cannot  be  main- 
tained and  the  formation  of  C  will  be  depressed.  The  rise  in  (B)  upon  inhi- 
bition depends  on  the  relative  maximal  rates  of  the  two  reactions  (V1/F2) 
as  shown  in  Fig.  7-6.  When  the  system  is  barely  in  the  steady  state,  as  in 


Fig.  7-6.  Curves  showing  the  rise  in  (B)  following  inhibition  of  Eg 
in  a  monolinear  chain.  K^  =  10  mil/,  K2  —  2  mM,  and  (A)  =  1  mM. 
The  numbered  lines  on  the  i  axis  show  the  maximal  inhibitions 
which  may  be  exerted  before  the  systems  leave  the  steady  state. 
See  Eq.  7-4.  Curve  1:  VJV,  ^  10;  curve  2:  Vj/V^  =  3;  curve  3: 
VJV^  =  I;   curve  4:    VJV^  =  0.33;  curve  5:    VJV^  =  0.1. 


curve  1  where  V1IV2  =  10,  it  requires  very  little  inhibition  to  increase 
(B)  and  take  the  system  out  of  the  steady  state;  in  fact,  for  the  system 
plotted,  only  9%  inhil^ition  will  make  the  steady  state  impossible.  Of 
course,  the  high  values  of  (B)  necessary  for  the  steady  state  may  not  be 
able  to  be  achieved  and  the  system  will  leave  the  steady  state  sooner.  As 
the  maximal  rate  of  reaction  2  becomes  greater  relative  to  reaction  1,  it 
requires  more  and  more  inhibition  to  increase  (B).  An  expression  for  the 
change  in  (B)  may  be  derived  as  follows.  If  it  is  assumed  that  the  maximal 
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rate  of  reaction  2  in  the  presence  of  the  inhibitor,  V^j,  =  (1  —  i)V2,  and  we 
apply  Eq.  7-3: 

(B),  F,[(A)  +  K,]  -  (A)Fi 


(B)        (1  -i)V,[{A)  +A^]  -(A)Fi 


(7-4) 


where  (B)^  is  the  concentration  of  B  in  the  inhibited  system,  and  it  is  this 
equation  that  is  plotted  in  Fig.  7-6.  Since  the  denominator  on  the  right 
side  must  be  greater  than  zero  if  the  numerator  is  positive  and  less  than 
zero  if  the  numerator  is  negative,  the  maximal  inhibition  allowable  for  the 
system  to  remain  in  a  steady  state  is: 


1  - 


F. 


(A) 


(A)  +  K, 


(7-5) 


One  of  the  most  important  general  properties  of  multienzyme  systems 
may  be  illustrated  with  this  simple  sequence.  The  inhibition  of  the  rate  of 
formation  of  product,  in  this  case  d{Q)jdt,  will  often  be  less  than  the  inhibi- 
tion of  the  single  enzyme  affected.  In  some  cases,  reaction  2  must  be  almost 
completely  blocked  before  reduction  of  d{C)ldt  is  observed.  This  ability  to 
resist  inhibition  might  be  thought  of  as  the  buffer  capacity  of  the  system 
against  inhibition.  It  depends  for  one  thing  on  the  capacity  of  the  system 
for  (B)  to  increase  until  reaction  2  again  becomes  as  rapid  as  reaction  1, 
or  at  least  to  increase  to  a  level  saturating  E2.  Since  the  uninhibited  steady 
state  f/(C)/c/^=  Fi(A)/[(A)  -f  Z^]  and  the  inhibited  diQIdt^V^,  =  (1  - 
i)V2,  if  (B)  can  rise  to  saturate  Eg,  the  inhibition  exerted  on  the  formation 
of  C  is  given  by: 


It  =  1   -  (1   -  ^) 


F, 


(A)  +  K, 


(A) 


(7-6) 


Plotting  if  against  i  gives  a  straight  line  with  a  slope  of  F2[(A)  -f  ^J/Fi(A), 
as  shown  in  Fig.  7-7  for  the  systems  plotted  in  Fig.  7-6.  This  form  of  plotting 
shows  particularly  well  the  buffering  capacity  of  the  system.  If  ViJV^ 
is  much  greater  than  ten  in  the  system  assumed,  a  steady  state  would 
not  exist  previous  to  inhibition  and  if  will  always  equal  i.  A  third  manner 
of  plotting  such  phenomena  is  shown  in  Fig.  7-8,  where  ?',  is  related  to  the 
inhibitor  concentration.  In  systems  with  adequate  buffer  capacity,  no 
effect  will  be  noted  on  the  formation  of  C  until  a  critical  concentration  of 
inhibitor  is  reached,  at  which  point  the  inhibition  will  increase  rapidly. 
The  buffer  capacity  of  a  system,  as  defined  by  dijdi(,  is  the  change  in  the 
inhibition  of  a  single  enzyme  necessary  to  produce  the  change  di^  in  the 
inhibition  of  product  formation.  For  the  two-step  monolinear  chain,  the 
buffer  capacity  may  be  obtained  from  Eq.  7-6: 


di 
dit 


F. 


(A) 
(A)  +  K, 


Vst 

F. 


(7-7) 
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and  thus  depends  not  only  on  F^/Fa  but  also  on  the  concentration  of  the 
initial  substrate,  A,  and  the  Michaelis  constant  of  E^.  In  the  examples 
plotted,  (A)  was  assumed  to  be  1  milf ;  if  this  were  increased  to  10  mM, 
the  buffer  capacity  would  be  increased  5.5-fold  (from  Fj/llFg  to  F1/2F2). 
The  relation  between  i^  and  i  in  most  multienzyme  systems  will  not  be 
linear  as  it  is  here,  and  dildif  will  change  with  the  degree  of  inhibition.  The 


I    on    E2 


Fig.  7-7.  Relationship  between  the  over-all  inhibition  and  the  in- 
hibition on  E2  in  a  monolinear  chain  (Eq.  7-6).  Curve  1:  F1/F2  =  10; 
curve  2:    VJV^  =  3;   curve  3:    VJV^  =  1;   curve  4:    Fi/F^  =  0.33; 
curve  5:  V-^jV^  =  0.1. 


buffer  capacity  might  also  be  defined  as  d{l)ldii,  which  is  more  comparable 
to  the  definition  of  buffer  capacity  in  acid-base  systems,  but  it  is  felt  that 
dijdif  defines  better  a  property  of  the  system  and  depends  less  on  the 
characteristics  of  the  inhibition,  thus  being  of  greater  value  in  comparing 
different  multienzyme  systems. 

(B)  Competitive  inhibition.  The  response  of  the  monolinear  system  to 
competitive  inhibition  of  E^  will  be  similar  to  that  of  the  single  enzyme 
since  (A)  is  assumed  to  remain  constant.  Competitive  inhibition  of  E2, 
however,  introduces  an  additional  factor  because  the  rise  in  (B)  will  reduce 
the  inhibition  on  Eg.  Inasmuch    as  competitive  inhibition  implies  an  in- 
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crease  of  K.2  by  the  factor  1  +  (I)/^,  (see  Eq.  3-12),  from  Eq.  7-3  it  is  found 
that  the  increase  in  (B)  due  to  inhibition  is  simply  given  by: 


(B)  +    K, 


(7-8) 


and  hence,  in  contrast  to  noncompetitive  inhibition,  is  not  dependent  on 
any  of  the  parameters  of  the  uninhibited  enzyme  system.  In  terms  of 
the  inhibition  of  Eg: 


(B).  = 


(B) 
1  -  I 


i(B) 


K, 


(7-9) 


lOOmM 


(I) 


Fig.  7-8.  Variation  of  the  over-all  inhibition  with  the  concentration  of  an  inhibitor 

of  E2  in  a  monoHnear  chain.  Curve  1:  V1/V2  =  10;  curve  2:  VJV^  =  3;  curve  3:  Fj/Fj 

=  1;   curve  4:    VJV^  =  0.33;   curve  5:    VJV^  =  0.1. 

into  which  the  vakie  of  (B)  from  Eq.  7-3  may  be  substituted.  In  Fig.  7-9 
it  is  seen  that  (B)^  rises  more  slowly  with  increasing  inhibition  for  compet- 
itive inhibition  than  for  noncompetitive  inhibition.  More  interesting  is 
the  fact  that  the  system  does  not  pass  out  of  the  steady  state  whatever 
the  inhibition  on  Eg  or  the  inhibitor  concentration.  Thus  theoretically  a 
competitive  inhibitor  acting  on  Eg  will  never  reduce  the  rate  of  formation 
of  C.  This  mav  also  be  seen  from  the  fact  that  the  rate  of  reaction  2  is: 


dt 


F.(B), 


(B), 


K. 


01 
K, 


(7-10) 


and  substitution  of  (B),  from  Eq.  7-8  shows  d{C)!dt  to  be  unchanged  from 
the  uninhibited  state.  The  reason  for  this  is  that  (B),  can  rise  to  sufficient 
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levels  to  overcome  the  inhibition  on  Eo.  However,  in  actual  systems,  there 
will  be  a  limit  imposed  on  the  level  to  which  (B),  can  rise.  It  is  important 
to  emphasize  that  competitive  inhibition  of  any  enzyme  after  the  first 
in  an  irreversible  monolinear  chain  will  alter  the  rate  of  formation  of  the 
product  by  a  degree  primarily  dependent  on  the  physical  state  of  the  sys- 
tem, and  particularly  on  the  presence  and  nature  of  compartmentalization 
of  the  reactions  in  the  system. 


Fig.  7-9.  Comparison  of  noncompetitive  and  competitive  inhibi- 
tions of  Eo  in  a  monolinear  chain.  A'j  =  10  mJ/,  iv^j  —  2  m3I, 
and  (A)  =  1  in3I.  Curve  1:  Fj/Fg  =  10.  noncompetitive;  curve  2: 
Fi/F2  =  10,  competitive;  curve  3:  VJV2  =  1,  noncompetitive; 
curve  4:    V-^/V2  =  1;   competitive. 


(C)  Reaction  of  the  inhibitor  with  the  intermediate  B.  A  substance  that 
reacts  with  B  according  to  the  equilibrium  expression  I  +  B  ;^  IB  will 
reduce  the  concentration  of  free  B  and  hence  the  rate  of  reaction  2.  Since 
there  is  no  effect  on  reaction  1,  B  will  be  formed  more  rajudly  than  it  is 
transformed  into  C.  Whether  the  rate  of  reaction  2  will  recover  towards 
the  initial  level  will  depend  on  the  equilibrium  constant  K ,^  and  the  amount 
of  I  relative  to  B.  If  (I)  is  large,  (B)  may  be  kept  close  to  the  equilibrium 
value  and  the  formation  of  C  may  be  depressed  to  a  level  that  is  stable, 
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at  least  during  the  interval  of  measurement.  An  interesting  situation 
might  arise  if  ^,j  were  very  small  and  the  amount  of  I  not  much  greater 
than  B,  since  the  rate  would  be  decreased  to  near  zero  and  would  remain 
there  mitil  enough  B  was  formed  from  reaction  1  to  combine  with  all  the 
I  present,  at  which  time  (B)  would  rise  and  the  formation  of  C  would 
recommence. 

Diffusion-Limited    Monolinear   Chain 

The  diffusion  of  A  into  the  multienzyme  region  may  be  so  slow  that  the 
concentration  of  A  inside  cannot  be  maintained  equal  to  that  outside  and 
in  this  sense  the  diffusion  may  be  considered  to  limit  the  formation  of  C. 


This  restriction  of  diffusion  may  be  imposed  by  a  membrane  surrounding 
the  multienzyme  system.  The  rate  of  inward  diffusion  will  be  r^^  =  k[{A  )  — 
(Aj)],  where  k  is  the  diffusion  constant,  and  equating  this  to  v^  in  the 
steady  state,  the  value  of  (Aj)  is  found  to  be  given  by  a  quadratic  equation: 


(A,)^  + 


-^  +  A^  -  (A,) 


(A,)  -  A,(Ao)  =0  (7-11) 


From  (Aj)  may  be  determined  the  steady-state  rate  of  the  enzyme  chain. 
If  Ej  is  now  inhibited,  (A;)  will  rise  but  it  will  not  rise  to  a  level  where  the 
enzyme  rates  have  returned  to  the  uninhibited  state  because  the  inward 
diffusion  of  A  will  decrease  as  (Aj)  increases.  The  relationship  of  the  inhibi- 
tion on  the  formation  of  C  to  the  inhibition  on  E^  is  shown  in  Fig.  7-10. 
At  first,  as  inhibition  on  Ej^  is  increased,  there  is  a  resistance  to  inhibition 
of  the  over-all  rate,  but  this  is  eventually  lost  and  at  high  inhibitions  of 
EjL  the  system  is  quite  sensitive.  In  terms  of  buffer  capacity,  dildi^  is  large 
at^rnall  inhibitions  of  E^  and  decreases  with  inhibition:  in  the  case  plotted, 
dildit  is  6.8  between  i  =  0  to  0.25  and  decreases  to  0.24  between  i  =  0.9 
to  1.0.  The  buffer  capacity  thus  changes  constantly  and  markedly  in  such 
a  system.  It  may  be  pointed  out  that  working  in  the  middle  range  of  in- 
hibition may  obscure  this  effect;  for  example,  in  the  present  case  if 
inhibitions  of  40%  and  90%  were  tested,  dildit  would  be  very  close  to 
one,  although  ?\  would  be  definitely  less  than  i.  Determination  of  buffer 
capacity  with  many  levels  of  inhibition  over  as  wide  a  range  as  possible 
may  be  useful  in  elucidation  of  mechanisms  in  multienzyme  systems.  The 
occurrence  of  a  diffusion-limited  step,  for  example,  might  be  detected, 
because  for  the  monolinear  chain  the  i  —  ?',  curves  are  quite  different  from 
those  in  which  diffusion  is  not  a  factor. 

The  enzymic  oxidation  of  ascorbate,  catalyzed  by  peroxidase,  was  studied 
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under  open  steady-state  conditions  by  Passynsky  (1958)  by  enclosing  the 
enzyme  between  two  membranes.  The  substrate  diffused  in  through  one 
membrane  and  the  product  diffused  out  through  the  other  against  running 
water.  The  total  reaction  was  written  as: 

Ao  ;:±  Aj  ;=±  P,  :^  P^ 


Fig.  7-10.  Relationship  between  the  over-all  inhibition  and  the 
inhibition  on  Ej  in  a  diffusion-limited  monolinear  chain.  Fj  =  1, 
Ki  =-  10  mil/,  k  =  0.01,  and  (Ao)  =  10  mM.  The  dashed  line  simply 
shows  the  behavior  to   be  expected   if  diffusion  is  not   a  factor. 


The  complete  solution  for  (A^),  assuming  Fick's  law  of  diffusion  and  first- 
order  reactions,  is  given  by: 

A:o(A;_i  +  A-,)(A„)  +  k^M^o) 


(A,) 


hki  +  hk-1  +  kiki 


Under  the  experimental  conditions,   (P^)  =  0,  and  the  reaction  was  es- 
sentially irreversible,  so  that  k_i  —  0.  Thus: 


(A,) 


(AJ 

1  +  {kM 
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Activity-time  curves  are  plotted  for  various  additions  of  enzyme  or  ascor- 
bate  and  the  transitions  from  one  steady  state  to  another  are  easily  de- 
monstrated. It  was  possible  by  changing  the  areas  of  the  membranes  to 
show  that  the  attainment  of  a  steady  state  depends  on  the  diffusion  capac- 
ity of  the  system  relative  to  the  enzymic  activity. 

Extension  to  Longer  Monolinear  Chains 

The  kinetics  developed  above  can  be  easily  extended  to  chains  of  any 
length: 


B^C 


and  it  will  suffice  to  enumerate  the  laws  governing  such  systems. 

(1)  The  rate  of  formation  of  product  from  an  enzyme  chain  of  any  length 
in  a  steady  state  is  determined  by  the  rate  of  the  first  reaction;  when  a 
steady  state  does  not  occur,  the  rate  is  determined  by  that  reaction  with 
the  lowest  maximal  rate. 

(2)  The  concentration  of  any  intermediate  will  depend  on  the  rate  con- 
stant, Michaelis  constant,  and  concentration  of  the  enzyme  acting  upon  it; 
for  the  intermediate  J  it  is  given  by 

(J)  ^  M^IA^ (7-12) 

'        (A)(F,  -  F,)  +  V,K,  ^        ' 

The  relative  concentrations  may  be  visualized  on  v-(S)  curves,  as  shown 
for  a  four-enzyme  system  in  Fig.  7-5  (VII-VIII). 

(3)  The  noncompetitive  inhibition  of  any  enzyme  after  the  first,  when 
the  system  is  initially  in  a  steady  state,  will  have  no  effect  on  the  formation 
of  product  until  the  inhibition  has  reduced  the  maximal  rate  of  that  enzyme 
to  a  level  lower  than  the  initial  uninhibited  rate  (see  Fig.  7-5,  VIII). 

(4)  When  a  system  is  in  a  steady  state,  competitive  inhibition  of  any 
enzyme  after  the  first  will  have  no  effect  on  the  formation  of  product, 
unless  the  intermediate  which  is  the  substrate  for  that  enzyme  cannot 
increase  in  concentration  sufficiently  to  antagonize  the  inhibition  and 
maintain  the  rate.  The  effect  on  product  formation  will  thus  depend  on 
the  spatial  organization  or  physical  state  of  the  system. 
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PARTIALLY  AND  COMPLETELY   REVERSIBLE    MONOLINEAR 

CHAINS 

Either  the  first,  the  second,  or  both  steps  in  a  two-enzyme  chain  may  be 
reversible.   For  the  system: 

F  F 

A;^B->C  (7-13) 

the  rates  of  the  individual  reactions  are  given  by: 

F,^_,(A)  -  F_,A'„(B) 


KaK_,  +  K_,{k)  +  A'a(B) 

V^(S,) 


(B)  +  K, 


(7-14) 
(7-15) 


where  the  negative  sign  of  a  subscript  refers  to  the  reverse  reaction  from 
B  ->  A.  Solution  of  these  equations  gives  a  quadratic  expression  for  (B); 
from  (B)  the  rate  of  formation  of  C  may  be  calculated  using  Eq.  7-15. 

Ka{V_,  +  V,)(QY  +  [VJi.,K,  +  V,K_,{A.)  -f  V ^,K,K,  -  F,A'_,(A)](B) 

-  V,K_,K,{X)  =  0  (7-16) 

The  reduction  in  (B)  and  the  steady-state  rate  as  the  reverse  reaction  in- 
creases is  shown  in  Fig.  7-11.  Such  a  system  will  more  often  be  in  a  steady 
state,  compared  to  a  similar  irreversible  system,  because  a  slow  second 
reaction,  by  increasing  (B),  will  slow  down  the  first  reaction. 

Noncompetitive  inhibition  of  Eg  will  have  a  different  effect  on  the  over- 
all system  compared  to  the  irreversible  system  7-1.  As  Fg  is  decreased, 
the  rate  of  formation  of  C  will  be  reduced  (Fig.  7-12)  more  readily  because 
the  increase  in  (B)  will  slow  down  the  over-all  forward  rate  of  reaction  1. 
The  sensitivity  of  the  system  to  inhibition  will  depend  on  the  initial  level 
of  Fa;  when  it  is  high  relative  to  F^,  the  inhibition  on  C  formation  will  be 
slight,  but  when  it  is  lower  than  F^  the  inhibition  may  be  appreciable. 
The  buffer  capacity  of  this  partially  reversible  system  is  thus  less  than  that 
of  the  irreversible  chain. 

The  system: 

El       Eg 
A^B;i±C  (7-17) 

under  the  conditions  specified  [that  (C)  is  kept  constant  by  some  diffusion 
process]  does  not  behave  differently  to  inhibition  compared  to  the  irreversi- 
ble chain  because  the  reverse  reaction  remains  constant.  However,  it  is 
more  difficult  to  maintain  the  steady  state  since  tlie  over-all  forward  rate 
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of  reaction  2  is  less  than  in  the  irreversible  case.  The  steady-state  level 
of  (B)  will  of  course  be  different.  The  individual  rates  are: 


t'l  = 


rx(A) 


(A)  +  K, 


K_,K,  +  Z_,(B)  +  ^,(0 


(7-18) 


(7-19) 


Fig.  7-11.  Effect  of  the  reverse  reaction  on  the  steady-state  rate  and  intermediate 

concentration  in  a  partially  reversible  monolinear  chain.   V ^    =  3,  V^  =  1,  X^  =  10 

mJ/,  K^  =  1  mM,  K^^  =  20  mJf,  and  (A)  =  1  mM. 


from  which  the  level  of  (B)  is  given  by: 

K,      F_,(C)i(A)  +  ZJ]  +  Fi(A)[(C)  +  K_,] 


(B)  = 


^_. 


F,[(A)  +  K,]  -  F,(A) 


which  reduces  to  Eq.  7-3  when  the  reverse  reaction  is  zero. 


Finally,  the  system: 


E,       E, 


(7-20) 


(7-2i; 


behaves  similarly  to  system  7-13,  (C)  being  kept  constant,  but  (B)  will  be 
different.  The  individual  rates  are  given  by  Eqs.  7-14  and  7-19.  The  response 
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to  inhibition  will  be  essentially  the  same  as  in  system  7-13.  In  these  con- 
nections it  must  be  remembered  that  noncompetitive  inhibition  of  a  re- 
versible step  implies  equal  inhibitions  on  both  the  forward  and  the  reverse 
reactions  (see  Chapter  3  under  system  3-105).  However,  competitive  in- 
hibition is  not  necessarily  the  same  on  the  rates  in  forward  and  reverse 
directions  and  some  complication  is  introduced  into  the  quantitative  re- 
sponse to  such  inhibition. 
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Fig.  7-12.  Noncompetitive  inhibition  of  Ej  in  a  partially  reversible  monolinear  chain. 

Fi  =  3,    F_i  =  1,  K^  =  10  ml/,    K^  =  2  mM,  K_^  =  20  mM,  and  (A)  =  1   mM. 

The  dashed  curve  shows  the  change  in  v^i  in  an  irreversible  system. 

BRANCHED  LINEAR  CHAINS 

Branched  chains  may  be  of  two  general  types:  (1)  convergent  where  two 
or  more  substrate  systems  feed  into  the  chain,  or  (2)  divergent  where  two 
or  more  products  are  produced  by  a  monolinear  chain. 


Convergent  Chains 

Many  examples  of  convergent  enzyme  sequences  in  metabolism  have 
been  reported:   the  formation  of  glucose-6-phosphate  from  both  glucose 


BKAXCHED    LINEAR    CHAINS  341 

and  glycogen  in  a  purely  glycolytic  system,  or  the  impingement  of  hydrogen 
atoms  from  two  or  more  dehydrogenases  or  substrates  on  a  common  elec- 
tron-transport system,  would  be  obvious  examples.  For  simplicity  we  may 
represent  such  a  system  as: 

A  E,      E^ 

^B^C  (7-22) 

X  E3 

where  during  the  steady  state,  v^  +  v^  =  v^  =  d{C)ldt.  The  steady-state 
level  of  (B)  is  given  by: 

(B)  ^  ^/'"'-  +  ^'•'  (7-23) 

where  v^  and  v^  are  equal  to  their  ordinary  Michaelis  expressions.  It  is 
evident  that  inhibition  of  either  E^  or  E^  will  reduce  d{C)ldt,  but  that  the 
reduction  of  product  formation  will  be  less  than  the  inhibition  on  the  single 
enzyme,  and  that  the  inhibition  of  d{C)!dt  can  never  be  complete.  Since  the 
response  of  the  system  depends  on  the  relative  rates  of  reaction  1  and  reac- 
tion 3,  let  us  define  this  bj^  putting  i'3  =  rv-^,  in  which  case  it  may  be  easily 
shown  that:  ^ 

it  =  Y-~-  (7-24) 

1  +  r 

where  if  is  the  inhibition  of  d{C)ldt  and  i^  is  the  inhibition  on  E^.  The  max- 
imum inhibition  on  the  formation  of  C  would  thus  be  1/(1  -f-  r). 

Inhibition  of  Eo  will  not  affect  d{Q)'dt  until  V^  is  reduced  below  i\  +  Ug 
or  until  for  some  reason  (B)  cannot  rise  sufficiently  to  maintain  the  rate, 
the  system  behaving  similarly  to  the  unbranched  system  7-1. 

Divergent  Chains 

Metabolic  processes  in  which  a  substance  formed  can  react  in  two  or 
more  different  pathways  are  common.  The  oxidation  of  pyruvate  formed 
from  glycolysis  to  acetyl-CoA  or  its  condensation  with  CO2  to  form  dicar- 
boxylic  acid  (Freedman  and  Graff  1958)  and  the  diversion  of  glucose-6-phos- 
phate  formed  from  glucose  into  glycogen  or  the  glycolytic  pathway  would 
be  important  examples.  Such  a  system  may  be  represented  by: 

E,     E    C 
A^B(  (7-25) 

E>I> 

where  the  steady  state  implies  that  i\  =  v^  + 1'3  and  the  individual  rates  are: 

F,(A)  F,(B)  F3(B) 

''~'(A)+^,  ''  =    (B)  +  K,  '^=    (B)+Z3  ^'-^'^ 
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The  concentration  of  B  is  given  by: 

{(A)Fi  -(F,  +  V,)[{A)  +AM}(Br- 

+  {{A)VdK,  +  /Q  -  {V,K,  +  V,K,)[(A)  +  K,)]}{^) 
+  V,K,K,{A)  =  0 


(7-27) 


If  we  assume  that  the  formation  of  C  is  being  measured,  the  addition  of 
reaction  3  will  reduce  this  rate  by  reduction  in  (B).  There  will  not  be  a 
constant  ratio  of  d{C)ldt  to  d{D)ldt  but  this  will  vary  with  (B)  and  hence 
with  the  rate  of  reaction  1.  For  this  reason,  inhibition  of  E^  will  reduce 
i'2  +  Vg  to  the  same  degree  as  v^,  but  need  not  reduce  ■Ug  ^^^  v^  equally. 
In  fact,  it  is  possible  that  only  d{C)ldt  will  be  reduced  and  d(D)jdt  remain 
unaffected  if  the  steady-state  level  of  (B)  is  such  as  to  saturate  Eg,  as  shown 


graphically  in  Fig. 
inhibited. 


7-13.   Conversely,  only  the  formation  of  D  may  be 
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FiG.  7-13.  Rate  curves  for  a  divergent  chain.  The  curves  labeled  v-^,  Vj,  and  V3 
show  the  variation  of  the  rates  with  substrate  concentration  for  each  of  the  reac- 
tions alone;  curve  v^  +  V3  shows  the  summed  rates  of  v^  and  v-^.  Neither  reaction  2 
nor  reaction  3  could  maintain  a  steady  state  alone  when  the  concentration  of  A 
is  (A),  but  together  they  can  (Vjt).  If  E^  is  inhibited  the  rate  curve  is  decreased 
to  Vij,  the  steady-state  rate  is  depressed  to  Vi,  and  the  concentration  of  the  inter- 
mediate falls  from  (B)  to  (B)j.  However,  v,  is  still  greater  than  F3  so  that  the  fall 
in  (B)  has  not  changed  the  rate  of  reaction  3;  thus  only  d{Q)idl  is  depressed. 


Inhibition  of  E.^  may  or  may  not  reduce  d{C)ldt  depending  on  the  state 
of  the  system  before  inhibition.  If  (B)  is  high  enough  to  saturate  Eg,  inhi- 
bition of  E2  will  cause  (B)  to  rise  and  diQjdt  will  increase  to  maintain  the 
steady  state  as  in  the  monolinear  chain  A  -^  B  -^  C.  However,  if  Eg  is 
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not  saturated,  inhibition  of  Eg  will  produce  a  rise  in  (B)  which  will  in- 
crease the  rate  of  reaction  3.  Since  v^  +  v^  must  remain  constant  in  the 
steady  state,  an  increase  in  v^  implies  a  decrease  in  ^2.  This  divergent 
chain  thus  has  less  buffer  capacity  generally  than  the  monolinear  system. 
The  effects  of  inhibition  of  E^  are  particularly  interesting  since  the  result- 
ing rise  in  (B)  may  increase  d{C)ldt  and  such  a  mechanism  may  be  one 
of  the  explanations  for  the  stimulation  frequently  observed  with  enzyme 
inhibitors.  The  variation  in  d{C)jdt  is  plotted  against  Fg  in  Fig.  7-14  and 
from  such  a  curve  the  degree  of  inhibition  of  d{G)jdt  by  reduction  in  Fg 
through  noncompetitive  inhibition  may  be  calculated.  The  amount  of  stimu- 
lation will  depend  on  the  relative  values  of  v^  and  v^  in  the  uninhibited 
system.  For  the  particular  system  plotted,  the  stimulation  of  d{0)jdt  for 
different  initial  values  of  Fg  at  an  inhibition  of  E.^  of  90%  is  as  follows: 


Initial   \\ 

%  Stimulation  of  d(C)/dt 

100 

528 

10 

147 

1 

25 

0.1 

3 

Another  type  of  divergent  chain  may  occur  when  an  intermediate  spon- 
taneously decomposes  nonenzymically  into  a  product  other  than  the  en- 
zymically  catalyzed  one. 

El     E,  c 

The  reaction  of  B  ^  D  may  be  assumed  to  be  monomolecular  and  Vg  = 
k{B)  rather  than  the  value  in  Eq.  7-26  above.  The  essential  difference 
between  this  system  and  the  three-enzyme  system  is  that  reaction  3  cannot 
now  become  saturated  and  the  rate  will  always  be  linear  with  (B),  which 
is  given  by: 

k[{A)  +  A^](B)=+  {(V,+  kK,)[{A)  +  AM  -  (A)F,}(B)  -  V,K,{A)  =  0  (7-28) 

Thus  if  E.2  is  inhibited,  (B)  will  rise  slightly  but  never  sufficiently  to  main- 
tain the  initial  d{C)ldt.;  if  V^  is  much  smaller  than  kK.^,  as  seen  from  Eq.  7-28, 
changes  in  F,  will  scarcely  affect  (B)  and  no  buffer  capacity  will  be  observed. 
It  may  also  be  noted  that  the  system  will  always  be  in  a  steady  state  what- 
ever the  concentration  of  A.  The  spontaneous  reactions  of  unstable  inter- 
mediates, such  as  free  radicals,  may  be  important  in  several  metabolic 
pathways. 
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Another  multienzyme  system  of  common  occurrence  involves  the  transfor- 
mation of  an  intermediate  back  to  the  substrate: 


E.        E. 
E, 


(7-29) 


Phosphatases  and  deacylases  hydrolyzing  phosphorylated  or  acylated  in- 
termediates respectively  often  are  responsible  for  such  systems.  An  espe- 
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Fig.  7-14.  Noncompetitive  inhibition  of  Eg  in  a  divergent  cliain.   The  variation  of 
V2  with  F3  i.s  indicated.  Inhibition  of  E3  will  reduce  F3  and  d{C)/dt  will  increase,  illus- 
trating the  stimulation  of  one  branch  by  the  inhibition  of  the  other  branch.  Fj  =  1, 
Fj,  =  1,  K^^  5  mM,  K^  =  2  m3I,  K^  =  10  mM,  and  (A)  =  5  mM. 

cially  important  instance  is  the  formation  of  glucose-6-phosphate  catalyzed 
by  glucokinase  and  the  hydrolysis  of  glucose-6-phosphate  back  to  glucose 
by  a  phosphatase.  Actually  the  system  formulated  above  is  a  type  of  di- 
vergent chain  and  follows  kinetics  identical  to  those  of  the  divergent  chain 
7-25,  inasmuch  as  the  individual  rate  expressions  are  the  same.  Inhibition 
and  activation  of  the  enzymes  involved  may  be  of  great  importance  in  the 
regulation  of  the  metabolism  as  related  to  the  needs  of  the  tissue  (Cahill 
et  al.,  1959).  Systems  of  this  type  involving  phosporylation  from  ATP 
can  act  as  ATPases,  since  at  each  round  of  the  cycle  an  ATP  is  split,  as 
pointed  out  by  Krebs  et  al.,  (1958)  for  the 


2  phosphorylase  b 


(1) 


phosphorylase  a 


b  ^IIZI^  phosphorylase   a 

(2) 
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transformation,  where  reaction  1  is  catalyzed  by  phosphorylase  kinase  and 
reaction  2  by  a  phosphoprotein  phosphatase,  4  ATP  molecules  being 
required  for  the  formation  of  one  molecule  of  phosphorylase  a.  Such  a  sys- 
tem operating  as  an  ATPase  would  have  complex  kinetics  and  quite  different 
inhibition  behavior  compared  to  the  single  enzyme  ATPase. 


POLYLINEAR   CHAINS    (SHUNT  SYSTEMS) 

A  multienzyme  system  wherein  a  substrate  can  be  transformed  to  some 
product  by  two  or  more  different  pathways  may  be  termed  a  polylinear 
chain.  Many  examples  are  known:  electron-transport  systems  in  which  the 
electrons  may  flow  through  different  channels  to  oxygen  (Mahler,  1956; 
Singer  et  al.,  1957);  the  two  pathways  of  pyruvate  ^  acetyl-CoA  in  yeast, 
one  by  pyruvic  oxidase  and  the  other  through  pyruvic  decarboxylase, 
aldehyde  dehydrogenase,  and  aceto-CoA-kinase  (Holzer  and  Goedde,  1957); 
the  two  routes  by  which  coenzyme  A  is  formed  from  pantothenic  acid,  one 
involving  pantetheine,  and  the  other  phosphopantothenic  acid  (Brown, 
1959);  and  the  well-known  hexose  monophosphate  shunt.  The  kinetics  will 
depend  on  whether  the  chains  branch  from  the  substrate  or  from  an  inter- 
mediate whose  concentration  can  vary.  The  former  system  may  be  re- 
presented as: 

A-m*'"*P  (7-30) 


>-:y 


(n)  ^  ^ 

where  the  over-all  rate  of  formation  of  P,  v  =  u^  +  Vg  +  -••  +  v^.  Inhi- 
bition of  the  first  enzyme  of  any  sequence  will  reduce  d{V)jdt  but  inhibition 
of  the  succeeding  enzymes  may  not  because  the  intermediate  can  increase 
in  concentration.  If  an  inhibitor  is  assumed  to  exert  an  inhibition  of  i-^ 
on  pathway  (1),  i^,  on  pathway  (2),  etc.,  the  inhibition  of  the  over-all  rate 
will  be: 

i{Vi    +  ^2^2    +    ...    +   inVn 


Vi  +  Vi  -\-  ...  +  w„ 


(7-31) 


so  that  the  inhibition  on  the  over-all  rate  will  always  be  less  than  on  the 
individual  enzymes.  Such  polylinear  chains  are  perhaps  responsible  for  many 
instances  of  inhibitor-resistant  metabolism  in  the  cell.  When  the  sequences 
are  irreversible,  each  sequence  operates  independently  of  the  others  and 
the  effect  that  some  modification  of  a  single  sequence  will  have  on  the 
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over-all  rate  will  depend  simply  on  the  relative  contribution  it  makes  to 
the  over-all  rate. 

A  somewhat  different  situation  exists  when  the  branching  occurs  from  a 
substance  formed  from  the  original  substrate,  as  in  the  system: 

El       ^2,  C     ^3 
A  ^  B  ^        ^  F  (7-32) 

where  ^1  =  ^2  +  ^4  =  v^  +  Vg  in  the  steady  state.  The  concentration  of  B 
will  be  given  by  an  expression  similar  to  that  for  system  7-25,  and  the  con- 
centrations of  C  and  D  may  be  determined  from  (B),  since  v^  =  v^  and 
V4  =  V5.  Inhibition  of  Eg  will  result  in  a  rise  of  (B)  which  will  increase  the 
rates  of  reactions  4  and  5,  Vg  and  v-^  decreasing  to  an  equal  degree,  so  that 
d{F)ldt  remains  constant  while  (C)  falls  and  (D)  rises.  Such  systems  can 
also  contribute  to  inhibitor-resistant  metabolism  but  never  demonstrate 
the  phenomenon  of  stimulation  of  the  over-all  rate  observed  with  the  simple 
divergent  chain.  Huzisige  (1954)  has  postulated  a  system  such  as  7-32  to 
explain  inhibition  of  photosynthesis,  although  only  two  of  the  steps  were 
assumed  to  be  enzymic.  However,  like  many  others,  he  did  not  use  enzyme 
kinetics  in  his  formulation  and  the  expressions  for  inhibition  are  much 
more  complex  than  those  he  derived. 

The  scheme  7-32  may  represent  in  part  the  electron-transport  systems 
in  mitochondria,  where  two  or  more  substrates  can  funnel  into  A.  The 
choline  and  succinate  respiratory  chains  are  not  compartmentalized  in 
liver  mitochondria  but  appear  to  be  linked  somewhere  above  the  site  of 
the  oxidation  of  cytochrome  c^  (Kimura  and  Singer,  1959);  this  linkage  is 
probably  not  cytochrome  b,  the  components  of  which  seem  to  be  on  differ- 
ent pathways.  The  use  of  antimycin  A  to  block  the  transfer  from  cyto- 
chrome b  to  cytochrome  c^  could  not  produce  a  complete  inhibition  of  cy- 
tochrome c  reduction  due  to  the  "  leakage  "  from  cytochrome  b  in  the 
choline  chain.  Amytal  block,  however,  was  complete  and  no  alternate 
pathway  was  evident,  indicating  somewhat  different  sites  of  action  of 
these  two  inhibitors.  The  response  to  inhibition  by  most  respiratory  chain 
inhibitors  will  depend  on  the  presence  of  such  multiple  pathways  and  the 
sites  at  which  they  link. 


DISTRIBUTIVE    SYSTEMS 

Transferring  enzymes  may  form  multienzyme  systems  around  single 
compounds  which  are  capable  of  donating  groups  to  a  variety  of  substances. 
Various  distributive  systems  have  been  discussed  by  Dixon  (1949,  p.  45; 
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Dixon  and  Webb,  1958,  p.  565).  A  generalized  system  may  be  represented 
as: 


A  ->  i^r  -  X  ^  D 


(7-33) 


where  A,  B,  C,  D,  F,  and  G  are  substrates  that  can  accept  the  group  X 
from  the  central  molecule  M-X,  each  substrate  requiring  a  different  trans- 
ferring enzyme.  Any  step  may  be  reversible  or  essentially  irreversible. 
In  the  latter  case  no  satisfactory  thermodynamic  equilibrium  of  X  between 
the  various  substrates  will  be  achieved  but  the  system  may  be  in  a  steady 
state,  M-X  being  formed  by  one  of  the  reactions  and  utilized  by  the  rest, 
at  least  one  of  the  products,  such  as  C-X,  reacting  further  outside  the  sys- 
tem. It  is  unlikely  that  distribution  of  X  will  be  commonly  determined  by 
the  equilibrium  constants  of  the  individual  reactions,  but  rather  by  the 
relative  rates,  since  systems  in  the  cell  are  usually  not  static.  The  central 
compound  and  the  enzymes  associated  with  it  in  some  important  systems 


M  -  X 

X 

Type  of  enzyme 

DPXH 
ATP 

Glutamate 

Acetyl-CoA 

Adenosylmetliionine 

H  -He- 

-PO. 

-NH2 

-COCH3 

-CH3 

Dehydrogenases 

Phosphokinases 

Ti'ansaminases 

Transacylases 

Transmethylases 

are  given  in  the  tabulation  (following  Dixon  and  Webb).  With  regard  to 
kinetics,  these  systems  are  really  multibranched  chains  when  M-X  is 
formed  at  a  constant  rate  and  the  effects  of  inhibitors  as  discussed  above 
apply. 

Inhibition  of  a  single  enzyme  in  such  a  system  would  cause  the  distribu- 
tion of  X  to  become  abnormal  and  thus  may  modify  the  pattern  of  meta- 
bolic flow  in  the  cell.  The  steady-state  concentration  of  M-X  will  be  more 
or  less  stabilized,  in  the  sense  that  alterations  of  enzyme  activity  will  have 
relatively  little  effect  on  it.  For  this  reason  it  is  often  difficult  to  relate  levels 
of  ATP  in  the  cell  to  inhibitions  of  enzymes  involved  in  its  formation  or 
utilization,  the  concentration  of  ATP  being  rather  unresponsive  to  such  in- 
hibition over  an  appreciable  range. 

The  inhibition  of  enzymes  in  distributive  systems  may  have  complex 
effects  on  the  over-all  metabolism.  When  one  of  the  acceptors  can  serve  as 
a  reserve  of  X,  which,  upon  cessation  of  the  formation  of  M-X  by  the  usual 
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pathways,  allows  the  supply  of  M-X  to  be  maintained  for  an  interval,  inhibi- 
tion of  this  reaction  would  have  no  effect  on  the  system  in  the  steady  state 
but  if  the  formation  of  M-X  stopped,  transfer  of  X  would  fail  suddenly. 
Such  inhibition  would  be  observed  only  when  the  normal  state  of  the  system 
was  disturbed  sufficiently.  An  example  would  be  the  equilibrium  between 
ATP  and  creatine.  Inhibition  of  creatine  phosphokinase  would  have  no 
effect  on  the  flow  of  phosphate  from  oxidative  phosphorylation  to  the  var- 
ious phosphorylated  acceptors,  but  if  the  formation  of  ATP  were  depressed, 
as  by  an  uncoupler,  the  supply  of  high-energy  phosphate  in  creatine  phos- 
phate would  no  longer  be  available  for  utilization.  This  may  be  simply 
represented  as: 

El  E2 

A  ^  B  ^  C  (7-34) 

D 

where  (B)  is  given  by  Eq.  7-3  and  (D)  =  (B)/^,^.  When  E^  is  inhibited, 
(B)  falls  and  the  reaction  of  D  -^  B  occurs  unti'  equilibrium  is  again  estab- 
lished, and  thus  the  formation  of  C  is  not  so  suddenly  depressed.  However, 
inhibition  of  E^  will  slow  down  or  prevent  this  compensatory  mechanism. 
For  this  effect  to  be  marked,  (D)  must  be  appreciably  greater  than  the 
steady-state  (B). 

CYCLIC   SYSTEMS 

Many  metabolic  pathways  involve  cyclic  systems  whereby  one  of  the 
reactants  is  regenerated  during  the  process.  The  tricarboxylic  acid  cycle, 
the  urea  cycle,  and  the  glyoxylate  cycle  would  be  recognized  examples  but 
there  are  undoubtedly  many  more  operative  in  the  cell.  A  simple  cycle  for 
the  development  of  inhibition  kinetics  may  be  taken  as: 


C^B 


(7-35) 


where  X  is  taken  into  the  cycle  by  reaction  with  C,  and  Y  is  formed  in  the 
breakdown  of  B,  the  over-all  reaction  being  X  -^  Y,  the  substances  A, 
B,  and  C  being  termed  cycle  intermediates.  In  the  steady  state  v^  =  V2  =  v^ 
and  the    individual  reaction  rates  are  given  by: 

F,(A)  F.(B)  F3(C)(X) 

(7-36) 


(A)  +  K,  (B)  +  K,  [(C)  +  K,][{X)  +  K,] 

In  addition  there  is  the  requirement  that  the  total  intermediate  concentra- 
tion remains  constant,  i.e.,  (A)  +  (B)  +  (C)  =  (M),.  Since  the  rate  of  for- 
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mation  of  Y  may  be  calcvilated  from  (B),  the  rate  characteristics  of  the 
system  may  be  derived  from  an  expression  for  (B)  in  terms  of  (X),  (M)^ 
and  the  constants  of  the  cycle  enzymes.  The  steady-state  values  for  (A) 
and  (C)  may  be  easily  shown  to  be: 


(A) 


V,KAB) 


(C) 


V,[(B)  +K,]  -{B)V 
F,A^(B)  [(X)  +  K,] 


F3(X)[(B)  +K,]  -(B)F,[(X)  +K,] 


(7-37) 


(7-38) 


and  by  substitution  of  these  in  the  conservation  equation,  an  expression 
for  (B)  may  be  obtained.  This  expression  is  a  cubic  equation  with  coefficients 
of  many  terms,  the  solution  of  which  is  arduous.  However,  it  is  possible 
to  obtain  values  for  (A),  (B).  and  (C)  by  graphical  methods  when  the  con- 
stants of  the  system  are  known. 

The  graphical  method  used  consists  of  the  following.  Accurate  v-(S) 
curves  are  plotted  for  each  reaction  of  the  cycle;  precision  is  often  increased 
by  the  use  of  semilog  paper.  A  complete  solution  is  obtained  by  finding  a 
horizontal  line  that  intersects  the  curves  so  that  (A)  +  (B)  +  (C)  is  equal  to 
the  assumed  total  concentration  of  intermediates,  (M);.  The  height  of  this 
line  gives  the  steady-state  rate  (Fig   7-15).  The  effects  of  inhibition  of  any 
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/        X^       3 

J^    1          1                             1 

(B)+(A)+(C) 
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FiG.  7-15.   Illustration  of  the   graphical   method 

for  the  determination   of  steady-state  rates  and 

concentrations    in    cyclic   systems.    See   text   for 

explanation. 


enzyme  in  the  cycle  may  be  determined  by  the  same  procedure  using 
the  appropriately  modified  w-(S)  curve  for  that  enzyme.  This  method  is 
believed  to  be  generally  better  than  the  simplification  of  the  complete  equa- 
tions by  assuming  the  relative  unimportance  of  certain  factors,  inasmuch 
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as  cyclic  systems  are  frequently  misleading  when  their  characteristics  are 
obtained  by  general  inspection. 

One  of  the  characteristic  features  of  cyclic  systems  is  the  constancy  of 
the  total  concentration  of  intermediates,  which  is  not  a  restriction  that 
applies  to  linear  sequences.  As  a  consequence,  a  change  in  one  intermediate 
necessarily  brings  about  changes  in  the  others,  with  consequent  changes  in 
the  rates  of  those  reactions.  It  is  not,  however,  obligatory  to  assume  such 
constancy  in  (M)^  since  one  or  more  of  the  intermediates  may  be  formed  or 
utilized  in  reactions  outside  the  cycle,  as  is  often  the  situation  for  the  tri- 
carboxylic acid  cycle,  in  which  case  the  kinetics  presented  here  must  be 
extended.  Before  describing  the  effects  of  inhibition,  it  is  of  interest  to 
inquire  into  the  changes  brought  about  by  alterations  in  (X)  and  (M)^. 

Effect  of  Substrate  Concentration  (X) 

The  effects  of  varying  (X)  on  the  steady-state  rate  and  concentrations 
of  cycle  intermediates  are  shown  in  Fig.  7-16  for  a  system  of  arbitrarily 
chosen  constants  and  assumed  (M),.  As  (X)  increases,  (C)  falls  and  this  re- 
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FiG.  7-16.  Effect  of  the  substrate  concentration  on  the  steady-state  rate  and  con- 
centrations of  the  intermediates  in  a  cycUc  system.  Fj  =  2,  Fg  =  1,  F3  =  3,  Xi  =  1 
mM,  Kc,  =  2  mM,  A'    =  1  ml/,  A'    =  0.5  mM,  and  (M),  =  1  ml/. 


duces  the  rate  of  reaction  3  compared  to  a  single  enzyme  system;  i.e.,  the 
rate  does  not  rise  as  rapidly  with  (X)  in  the  cyclic  system  as  it  would  with 
the  isolated  E3  where  (C)  would  remain  constant.  Simultaneously,  (A)  and 
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(B)  rise  so  that  reactions  1  and  2  keep  pace  with  the  entry  of  (X).  Above  a 
certain  value  of  (X),  here  about  1  mM,  the  system  may  be  said  to  be  sat- 
urated and  little  further  change  is  brought  about  by  increasing  (X).  It 
may  be  noted  that  this  is  far  below  the  maximal  rates  for  any  of  the  reac- 
tions. The  rate  of  formation  of  Y  is  thus  limited  by  the  total  concentration 
of  cycle  intermediates. 

Effect  of  Total  Concentration  of  Cycle  Intermediates  (M^) 

The  steady-state  rate  is  shown  to  be  quite  dependent  on  (M),  in  Fig.  7-17 
and  the  maximal  rate  reached  at  high  values  of  (M);  is  seen  to  be  equal  to 
the  lowest  maximal  rate  of  the  individual  reactions,  in  this  case  reaction  2 
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Fig.  7-17.  Effect  of  the  total  concentration  of  cycle  intermediates  on  the  steady- 
state  rate  and  concentrations  of  the  individual  intermediates  in  the  cyclic  system 
whose  characteristics  are  given  in  Fig.  7-16.  (X)  =  1  mM  and  v^^  =  d(Y)/dt. 

It  is  also  important  to  note  that  as  (M),  changes,  the  relative  concentrations 
of  the  cycle  intermediates  change,  in  the  i? resent  case  (B)  increasing  as 
reaction  2  becomes  limiting.  Any  factors  that  change  (M)^,  such  as  reactions 
of  the  intermediates  outside  the  cycle  or  reaction  of  an  inhibitor  with  one 
of  the  intermediates,  may  alter  the  steady-state  rate  appreciably. 


Effects   of  Inhibition   of  the   Cycle    Enzymes 

The  changes  occurring  upon  noncompetitive  inhibition  of  E^,  Eg.  and  E3 
are  shown  in  Figs.  7-18  to  7-28.  Curves  are  given  for  three  levels  of  (M); 
in  each  case,  inasmuch  as  the  total  concentration  of  intermediates  is  of 
importance  in  the  quantitative  changes  occurring  during  inhibition.  The 
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inhibitions  of  the  steady-state  rate  of  the  cycle  are  also  given  in  terms  of 
the  inhibitions  on  the  individual  enzymes.  Finally,  in  Fig.  7-29  are  given 
the  inhibitions  of  the  cycle  rate  in  terms  of  inhibitor  concentration  and 
they  are  compared  with  the  inhibition  of  the  single  enzyme.  For  each  inhi- 
bition there  are  characteristic  changes  in  the  relative  concentrations  of 
the  cycle  intermediates.  The  dependency  of  the  cycle  inhibition  on  the 
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Fig.  7-18.  Noncompetitive  inhibition  of  Ej  in  the  cychc  system  shown  in  Fig.  7-16. 
(X)  =  1   mil/  and  (M),  =  0.1   mM. 


enzyme  inhibition  varies  with  the  particular  enzyme  inhibited  and  the 
total  concentration  of  cycle  intermediates. 

Inspection  of  the  curves  will  reveal  in  each  case  the  behavior  of  the 
system  but  a  few  general  remarks  may  be  made  concerning  the  response 
of  such  a  cycle  to  inhibition. 

(1)  A  cyclic  system  generally  possesses  buffer  capacity,  in  that  the  inhi- 
bition of  the  cycle  rate  will  usually  be  less  than  that  of  the  enzyme  that 
is  affected.  However,  in  contrast  to  a  linear  chain,  there  will  be  no  range 
of  absolute  buffer  capacity;  any  inhibition  of  a  component  enzyme  will 
depress  the  cycle  rate  to  some  extent. 
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(2)  The  buffer  capacity  at  lower  inhibitions  depends  on  (M)^  and  be- 
comes greater  as  (M),  increases  (Figs.  7-21  and  7-29).  Thus  for  inhibition 
on  El  or  Eg,  dijdii  has  the  following  approximate  values  for  inhibitions  up 
to  40%:  when  (M),  =  0.1  mil/  it  is  4,  when  (M),  =  1  mM  it  is  5.3,  and  when 
(M),  =-  10  niM  it  is  16.  The  reason  for  this  is  that  at  high  levels  of  (M)^, 
the  high  concentration  of  B  is  approaching  saturation  of  E,  and  it  requires 
a  fair  degree  of  inhibition  to  reduce  (B)  so  that  the  rate  falls. 

(3)  Inhibition  of  either  E^  or  Eg  affects  the  cycle  rate  identically  but  the 
changes  in  the  concentrations  of  A  and  C  are  reversed.  Inhibition  of  Eg 
alters   the  cycle  rate  readily  and  little  buffer  capacity  is  evident,  since 


Fig.  7-19.  Noncompetitive  inhibition  of  Ej  in  the  cydic  system  shown  in  Fig.  7-16. 

(M)(  =  1    mM. 


this  is  the  reaction  that  forms  Y.  Although  inhibition  of  E.^  causes  a  rise 
in  (B),  this  in  turn  causes  a  fall  in  (A)  and  (C)  so  that  the  cycle  slows  down, 
and  this  finally  prevents  the  rise  in  (B)  from  being  as  marked  as  it  would 
be  in  a  linear  chain. 

(4)  When  the  inhiliition  on  a  component  enzyme  passes  beyond  a  cer- 
tain point  (in  the  present  case  around  50%  inhibition),  the  buffer  capacity. 
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as  given  by  dijdi i  becomes  less  than  unity  and  the  cycle  rate  is  sensitive 
to  inhibition  (Fig.   7-21). 

(5)  If  the  concentration  of  a  particular  cycle  intermediate  is  important, 
as  in  determining  the  rate  of  some  side  reaction,  inhibition  can  often  alter 
this  concentration  markedly  and  produce  changes  in  pathways  outside 
the  cycle.  For  example,  inhibition  of  certain  steps  in  the  tricarboxylic 
acid  cycle  may  influence  amino  acid  metabolism  through  transaminations 
involving  the  keto  acid  intermediates. 


Fig.  7-20.  Noncompetitive  inhibition  of  Ej  in  the  cycHc  system  shown  in  Fig.  7-16. 

(M)(  =  10  mif . 

(6)  Competitive  inhibition  in  a  cyclic  system  will  have  effects  which 
differ  little  from  noncompetitive  inhibition,  due  to  the  fact  that  the  sub- 
strate for  the  enzyme  inhibited  cannot  increase  in  concentration  suffi- 
ciently to  antagonize  the  inhibition  greatly. 


REGENERATIVE   SYSTEMS 

An  enzyme  sequence  catalyzing  reactions  in  which  one  or  more  sub- 
stances serve  as  acceptors  and  donors,  alternately  gaining  and  losing  groups, 
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will  be  termed  a  "  regenerative  system"  because  these  intermediate  sub- 
stances are  not  transformed  into  one  another  to  move  along  the  chain, 
but  shuttle  back  and  forth  as  some  group  is  transferred  along  the  chain. 
Oxidation-reduction  chains  and  systems  transferring  phosphate  or  other 


(cycle) 


Fig.  7-21.  Noncompetitive  inhibition  of  either  E^  or  E3  in  the  cycHc 
system  shown  in  Fig.  7-16.  The  variation  of  the  over-all  cycle  inhi- 
bition with  the  individual  inhibitions  is  shown.  Curve  1:  (M)^  =  0.1 
ml/;  curve  2:   (M)^  =  1   nu¥;  curve  3:   (M)^  =  10  mM. 


groups   would   be   regenerative   systems.    The   simplest   representation   of 
such  reactions  would  be: 

A-X     +     B  -»  B-X     +     A 

E2  (7-39) 

B-X     ^     C   ->  C-X     +     B 


A-X     +     C 


C-X     +     A 


where  X  is  the  group  transferred  from  A  to  C,  in  which  B  functions  as  a 
link  between  the  two  reactions,  as  pointed  out  by  Dixon  (1949,  p.  8), 
and  is  regenerated  continuously  as  the  reaction  proceeds,  being  part  of 
the  catalytic  mechanism  and  often  termed  a  cofactor  or  coenzyme.  For 
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oxidation-reduction  reactions,  X  represents  hydrogen  atoms  or  electrons, 
and  for  transphosphorylations,  X  represents  phosphate.  The  kinetics  of 
these  systems  and  their  response  to  inhibition  are  very  interesting  and 
of  great  importance  in  understanding  cellular  metabolic  pathways  and 
their  modification. 
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Fig.  7-22.  Noncompetitive  inhibition  of  Ej  in  the  cycHc  system  shown 
in  Fig.  7-16.  (M)^  =  0.1  milf. 


In  the  steady  state  v^  —  v.^  where  these  rates  are  given  by: 

^  F,(AX)(B) 

"^        [(AX)  +  A'J  [(B)  +  K,] 

^  F,(BX)(C) 

"^      [(BX)  +  A',,]  [(C)  +  k;\ 

where  B  is  a  dissociable  linking  cofactor.  Solving  for  (BX): 


(BX) 


1  + 


(B) 


1  4- 


TaxT 


(C) 
(C)  +  K, 


F: 


(7-40) 
(7-41) 

(7-42) 
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Since  the  total  concentration  of  cofactor  remains  constant: 

(B),  =  (B)  +  (BX) 
the  following  quadratic  expression  may  be  derived  for  (BX): 

(1  -  R){BXr  +  [(B),(R  -  1)  +  RK,  +  ^,,](BX)  -  (B),K,,  =  0      (7-43) 


where: 


R  = 


1  + 


K„ 


(C) 


(AX)  I    (C)  +  K, 


(7-44) 


Fig.  7-23.  Noncompetitive  inhibition  of  Ej  in  the  cyclic  system  shown 
in  Fig.  7-16.   (M)^  =  1   mM. 


The  concentration  of  BX  thus  depends  on  the  concentrations  of  all  the 
components  of  the  system,  including  the  enzymes,  and  all  the  constants 
of  the  individual  reactions.  In  order  to  make  the  results  more  general, 
the  ratio  (BX)/(B);  will  be  used  to  express  the  state  of  the  regenerated 
substance,  which  will  be  called  the  "regenerant"  for  convenience. 
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Effects  of  the  Concentrations  of  Reactants  and   Regenerant 

In  an  irreversible  monolinear  chain,  the  steady-state  rate  is  always 
determined  by  the  first  reaction,  but  the  coupling  between  the  reactions 
in  a  regenerative  system  gives  the  second  reaction  some  importance  also. 
The  steady-state  rate  is  plotted  as  a  function  of  the  substrate  AX  in  Fig.  7-30 
(curve  2)  where  it  may  be  compared  to  the  rate  in  the  absence  of  the  second 
reaction  (curve  1).  The  depression  caused  by  the  second  reaction  is  due 


Fig.  7-24.  Noncompetitive  inhibition  of  Ej  in  the  cycHc  system  shown 
in  Fig.  7-16.  (M)<  =  10  mM. 


to  the  reduction  in  (B)  that  occurs  in  the  steady  state,  part  of  it  now  being 
in  the  form  BX.  Reaction  2  thus  plays  a  role  in  the  control  of  the  rate  by 
its  effect  on  the  concentration  of  regenerant  accepting  the  group  X  in 
reaction  1.  On  the  other  hand,  if  there  is  a  limited  amount  of  regenerant, 
the  restoration  carried  out  by  reaction  2  allows  the  reaction  to  proceed 
for  a  longer  time  than  if  no  regeneration  occurred. 

The  changes  in  the  ratio  (BX)/(B),  brought  about  by  changes  in  the  con- 
centrations of  substrate  (AX),  total  regenerant  (B),,  and  final  acceptor 
(C),  are  shown  in  Fig.  7-31.  As  expected,  the  ratio  increases  with  rise  in 
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(AX)  and  decreases  with  rise  in  (C).  It  would  not  be  so  easy  to  predict 
that  the  ratio  would  slowly  fall  with  increasing  (B)^.  Such  changes  may 
be  of  importance  in  experiments  where  (B)  or  (BX)  is  determined  during 
the  steady  state,  as  in  the  spectrophotometric  measurement  of  DPNH 
in  oxidation-reduction  sequences. 


(cycl  e) 


i(E2) 


Fig.  7-25.  Noncompetitive  inhibition  of  Eg  in  the  cyclic  system  shown 

in  Fig.  7-16.  The  variation  of  the  over-all  cycle  inhibition  with  the 

individual  inhibition   is   shown.   Curve    1:    (M);  =  0.1    vaM;   curve  2: 

(M),  =  1  mi¥;  curve  3:  (M)^  =  10  mM. 


Conditions  for  the  Steady-State  and   Maximal   Rates 

A  regenerative  system  can  always  assume  a  steady  state  whatever  the 
concentrations  of  substrate,  regenerant,  or  final  acceptor.  This  is  because 
the  ratio  (BX)/(B),  will  adjust  in  any  case  to  a  value  so  that  v^  =  t'a-  This 
can  be  shown  rigorously  in  the  following  manner.  An  expression  for  (B)  is 
derived  from  Eq.  7-40  and  for  (BX)  from  Eq.  7-41;  the  addition  of  these 
will  give  (B);;  the  rates  i\  and  V2  for  a  steady  state  are  equal  and  repre- 
sented by  v^f,  the  equation  for  (B),  is  solved  for  v^^. 
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[(B),  +  A^  +  A',,]  [(AX)  +  AJ  [(C)  +  A,]  u%, 
-  {Fi(AX)[(B),  +  A,.][(C)  +  A,]  +  F,(C)[(B),  +  A,][(AX)  +  K,,])v,, 
+  (B),(AX)(C)  FiF,  =0  (7-45) 

The  nature  of  this  quadratic  equation  is  such  that  v,^  will  always  have  a 
real  and  physically  compatible  value  whatever  the  concentrations  or  con- 
stants. It  also  illustrates  that  the  steady-state  rate  is  dependent  on  both 
reactions  and  not  only  on  the  first.  From  this  equation  the  value  of  v^i 
may  be  determined  for  any  assumed  system  and  its  changes  calculated 
when  the  concentrations  are  altered  or  inhibition  is  imposed. 


Fig.  7-26.  Noncompetitive  inhibition  of  E3  in  the  cychc  system  shown 
in  Fig.  7-16.  (M),  =  0.1  mi/. 


Inhibition   of  Regenerative   Systems 

The  steady-state  rate  of  a  regenerative  system  may  be  more  sensitive 
to  inhibition  of  either  E^  or  E,.  depending  upon  the  initial  uninhibited  state 
of  the  system.  Inspection  of  Eq.  7-45  shows  that  when  the  two  terms  in 
the  coefficient  of  v^t  are  equal,  identical  reductions  of  either  V^  or  Fg 
will  have  the  same  effect  on  v,/,  such  a  system  would  be  equally  sensitive 
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to  inhibition  of  E^  or  Eg.  When  the  first  term  in  the  coefficient  is  much 
greater  than  the  second,  the  steady-state  rate  will  be  more  sensitive  to  in- 
hibition of  E2,  and  when  it  is  much  less  than  the  second  term,  the  rate  will 
be  more  sensitive  to  inhibition  of  E^.  Figures  7-32  and  7-33  show  the  effects 
of  inhibition  in  a  system  where  the  second  term  is  greater  than  the  first, 
i.e.,  where  the  second  reaction  is  potentially  faster  than  the  first,  and  a 
marked  degree  of  buffer  capacity  is  observed  when  Eg  is  inhibited,  espe- 


FiG.  7-27.  Noncompetitive  inhibition  of  E3  in  the  cychc  system  shown 
in  Fig.  7-16.  (M),  =  1  mM. 


cially  when  the  concentration  of  the  regenerated  coupler  B  is  high.  Regen- 
erative reactions  thus  have  the  important  property  of  being  particularly 
sensitive  to  inhibition  on  that  enzyme  which  is  potentially  the  slowest, 
this  being  determined  by  the  relative  values  of  the  constants  i?,„  and  k 
and  the  concentration  of  enzyme  (E^).  The  reason  for  this  characteristic 
behavior  is  the  constancy  of  (B),.  When  Eg  is  inhibited,  (BX)  rises,  but 
this  requires  a  necessary  reduction  in  (B)  so  that  the  first  reaction  is  slowed, 
the  degree  of  slowing  being  dependent  on  the  change  brought  about  in 
the  ratio  (BX)/(B)^. 
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Fig.  7-28.  Noncompetitive  inhibition  of  E3  in  the  cyclic  system  shown 
in  Fig.  7-16.  (M)(  =  10  mM. 


OOmM 


(I) 


Fig.  7-29.  Variation  of  the  over-all  cycle  inhibition  with  inhibitor  concentration. 
The  inhibition  is  on  Ei  in  the  cyclic  system  shown  in  Fig.  7-16.  (X)  =  1  mM.  Curve  1: 
(M),  =  0.1  mM;  curve  2:  (M)^  =  1  mM;  curve  3:  (M)^  =  10  mM;  curve  4:  inhibition 

exerted  on  Ej. 
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Fig.  7-30.  Variation  of  the  rate  in  a  regenerative  system  (7-39)   with  the  concen- 
tration of  AX.  Vi  =  1,  1^2  =  1,  Xax  =  10  mM,  Kf,  =  5  mM,  K^^  =  1  mM,  K,  =  2 
mM,  (B)(  =  0.1  mM,  and  (C)  =  1  mM.  Curve  1:  assuming  only  the  first  reaction; 
curve  2:  regenerative  system. 


001                                 0 
(AX),  (B)^  or  (C) 


lOOmW 


Fig.  7-31.  Variation   of  the   ratio   (BX)/(B)j   with    the  concentrations   of  substrate 

(AX)  (curve  2),  total  regenerant  (B)^  (curve  1),  and  final  acceptor  (C)  (curve  3)  in  a 

regenerative  system  (7-39). 
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Regenerative  Systems  of  Greater  Complexity 

In  some  cases  the  coupling  is  not  as  close  as  in  scheme  7-39  and  two  or 
more  reactions  may  be  interposed  before  regeneration  of  the  intermediate 
is  achieved.  An  oxidation-reduction  system  involving  hydrogen  transfer 
may  utilize   some  metabolic  product  of  the  substrate   for  regeneration: 


El 

AHj  +  Co  ->  A  -f-  CoHj 

A  -»  B 

E3 
B  +  C0H2  ->  BH2  +  Co 


(7-46) 


AH, 


BH, 


Fig.  7-32.  Effect  of  noncompetitive  inhibition  of  Eg  on  the  ratio 

(BX)/(B)^  in  a  regenerative  system  (7-39).  Curve  1:  (B)^  =  0.1  mM; 

curve  2:  (B)^  =  10  mJf . 


Co  is  a  coenzyme  which  transfers  hydrogen  atoms  and  is  regenerated.  The 
anaerobic  formation  of  lactate  by  the  glycolytic  pathway  occurs  in  this 
way:  AHg  is  glyceraldehyde-3-phosphate,  B  is  pyruvate,  and  Co  is  DPN+, 
omitting  the  phosphorylation.  In  this  case  the  reaction  A  -^  B  is  not  a 
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single  step  but  a  monolinear  chain  involving  three  enzymes.  Inhibition 
of  Eo  (or  any  enzyme  in  a  chain  taking  A  to  B)  will  not  reduce  the  rate  of 
formation  of  BH2  as  long  as  (A)  can  rise  to  maintain  the  initial  rate.  How- 
ever, inhibition  of  E3  will  depress  the  rate  to  some  degree  since  the  rise 
in  (CoH.,)  will  decrease  (Co),  unless  Co  is  initially  at  a  concentration  more 
than  required  to  saturate  E^.  As  in  scheme  7-39,  the  effect  will  depend  on 
the  relative  constants  of  Ej  and  E3,  so  that  inhibition  of  E3  may  reduce  the 
formation  of  BH.j  to  a  lesser  degree  than  expected  on  the  basis  of  the  in- 
hibition of  the  isolated  enzyme.  In  the  example  cited  above,  the  rate  of 
lactate  formation  will  be  reduced  to  different  degrees  by  inhibition  of  the 
glyceraldehyde-3-phosphate  dehydrogenase,  enolase,  or  lactic  dehydro- 
genase when  the  inhibitors  are  present  at  concentrations  depressing  the 
isolated  enzymes  identically. 

Certain  multienzyme  systems  involving  phosphate  transfer  can  also  be 
represented  as  regenerative  sequences.  If  the  substrate  must  be  phosphor- 
ylated  for  further  reaction,  regeneration  of  the  phosphate  donor  may 
occur: 

El 
A  +  ATP  ->  AP  -4-  ADP 

E2 
AP  ->  BP  (7-47) 

E3 
BP  +  ADP  ^  C  +  ATP 


A  ->  C 

This  system  will  behave  kinetically  and  in  response  to  inhibition  in  an 
identical  manner  to  the  previous  sequence  7-46.  On  the  other  hand,  such 
a  system  may  serve  to  form  ATP  if  reaction  3  is  an  oxidation  coupled  with 
the  synthesis  of  more  than  one  high  energy  phosphate  bond: 

El 
A  +  ATP  ->  AP  +  ADP 

E2 
AP  -^  B  +  P 

E3 
B  +  wADP  +  nF  ^  C  +  «ATP 

A  +  in  -  1)ADP  +  (n  -  1)P  ^  C  +  {n  -  1)ATP 


(7-48) 


During  transformation  of  A  ->  C  there  is  the  over-all  production  of  ATP, 
such  as  occurs,  for  example,  during  glycolysis.  An  interesting  feature  of 
this  system  is  that  adequate  concentrations  of  both  ADP  and  ATP  must 
be  present  for  the  rate  to  be  appreciable.  Since  one  may  assume  (ADP)  + 
(ATP)  to  be  constant,  any  condition  which  makes  the  ratio  (ADP) /(ATP) 
very  high  or  very  low  will  inhibit  the  over-all  rate.  Such  regulation  may 
operate  in  glycolysis,  which  may  be  depres.sed  by  either  low  (ADP)  or 
low  (ATP)  (Lynen,  1958),  although  there  is  some  evidence  that  the  gly- 
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colytic  system  may  be  compartmentalized  in  that  the  ATP  formed  by  the 
oxidation  of  glyceraldehyde-3-phosphate  may  not  be  immediately  available 
to  glucokinase  (Chance  and  Hess,  1959). 

The  detailed  mechanism  of  oxidative  phosphorylation  is  not  sufficiently 
understood  to  represent  the  various  steps  accurately,  but  the  following 
steady-state  system  will  serve  to  illustrate  certain  aspects  of  the  behavior. 

El 

A  +  P  ->  B  +  ~P 

~  P  +  ADP  -^  ATP 

E3 
ATP  ->  ADP  +  P 


(7-49) 


B 


Reaction  1  establishes  a  high  energy  bond,  --^  P,  which  may  involve  a 
group  on  the  enzyme,  reaction  2  transfers  the  high  energy  phosphate  to 
ADP,  and  reaction  3  is  a  means  of  regenerating  ADP  so  that  reaction  2 
may  proceed  in  a  steady  state.  Reaction  3  may  be  the  splitting  of  ATP 


0  02 

i(0T1  E2) 

Fig.  7-33.  Effect  of  noncompetitive  inhibition  of  Eg  on  the  over-all 
inhibition  of  a  regenerative  system  (7-39).  Curve  1:  (B)<  =  0.1  mM; 
curve  2:  (B),  =  10  mM;  curve  3:  inhibition  of  E^  for  comparison. 
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by  an  ATPase  or  the  utilization  of  ATP  by  synthetic  or  functional  systems 
in  the  cell.  The  transformation  of  A  ^  B  may  be  said  to  be  obligatorily 
coupled  to  the  formation  of  ATP  if  ^-'  P  is  present  in  very  small  concen- 
tration, as  it  would  be  if  the  bond  were  to  some  enzyme  group,  because 
the  reaction  will  rapidly  stop  if  the  -^  P  is  not  removed  by  ADP.  The 
concentration  of  AJDP  may  limit  the  over-all  reaction  and  hence  the  for- 
mation of  B  will  depend  on  the  rate  of  the  regenerative  reaction  3,  as  has 
been  demonstrated  in  the  electron-transport  sequence  (Chance  and  Wil- 
liams, 1956).  Such  systems  may  be  involved  in  the  regulation  of  cellular 
metabolism,  since  the  rate  of  utilization  of  A  will  be  determined  in  part 
by  the  rate  at  which  ATP  is  used  in  synthetic  and  functional  processes. 
If  an  uncoupling  agent,  such  as  2,4-dinitrophenol,  is  added,  it  may  be 
assumed  that  ^^  P  is  split  from  the  enzyme  as  inorganic  phosphate: 

~  P  ^  P  (7-50) 

This  will  decrease  the  formation  of  ATP  but  may  increase  the  formation 
of  B  if  reaction  2  has  been  limiting.  If  reaction  7-50  becomes  much  more 
rapid  than  the  formation  of  ATP,  the  system  will  be  almost  completely 
uncoupled.  At  the  present  time  it  is  not  possible  to  treat  this  system  exactly 
because  of  the  uncertainties  in  mechanism  and  the  possibility  that  other 
reactions  may  be  involved.  Another  complexity  is  that  most  uncoupling 
agents  inhibit  the  electron-transport  in  some  manner,  so  that  the  exper- 
imental stimulation  of  A  ^  B  is  not  as  great  as  would  be  expected  on  the 
basis  of  scheme  7-49.  Alteration  of  the  rate  of  reaction  3,  either  by  effects 
on  Eg  or  on  systems  removing  ATP,  may  also  change  the  rate  of  formation 
of  B.  Thus  inhibition  of  an  ATPase  might  slow  down  A  ->  B  since  it 
could  reduce  (ADP),  so  that  removal  of  ■^  P  from  the  enzyme  is  reduced; 
likewise,  activation  of  such  an  ATPase  could  accelerate  A  ^  B.  It  may 
be  pointed  out  that  regenerative  systems  can  usually  be  represented  in  a 
cyclic  form;  thus  the  sequence  7-49  is  equally  a  cyclic  system  and  obeys 
the  kinetics  of  cyclic  systems. 

1      y  \^ 

\     \TP<^ --^P  (7-51) 

^\      T 

If  the  ATP  were  in  equilibrium  with  a  store  of  creatine  phosphate  this  would 
provide  some  buffer  to  the  system  with  respect  to  inhibition  and  would  in 
some  instances  suj^ply  a  further  means  for  regeneration  of  ADP. 

Another  type  of  uncoupling  effect  may  be  mentioned.  A  substance  may 
be  capable  of  accepting  the  ^-^  P  from  the  enzyme  and  competing  with  ADP: 

I  +  ~P^  I~P  (7-52) 
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If  I  '^ '  P  is  stable,  the  presence  of  I  will  drain  off  a  fraction  of  the  high 
energy  phosphate  and  the  formation  of  ATP  will  be  decreased.  If  I  '^'  P 
is  unstable  and  breaks  down  rapidly  to  I  and  P,  a  very  small  amount  of  I 
may  be  sufficient  to  uncouple  because  it  will  be  constantly  regenerated. 
Such  cycles  or  regenerative  systems  are  not  limited  to  phosphate  transfer; 
in  any  cycle  a  substance  may  compete  with  or  combine  with  an  interme- 
diate so  that  inhibition  may  be  observed  with  respect  to  some  product, 
although  the  initial  substrate  would  be  utilized  more  rapidly. 

SELF-REGULATORY  OR  FEEDBACK  SYSTEMS 

When  one  of  the  intermediates  or  products  of  a  reaction  sequence  affects 
the  activity  of  an  enzyme  catalyzing  one  of  the  previous  steps,  a  self-regu- 
latory action  on  the  rate  may  be  exerted  and  such  may  be  termed  "feedback 
systems."  Feedback  may  be  positive,  if  the  effect  on  the  enzyme  is  acti- 
vation, or  negative,  if  it  is  inhibition.  It  is  quite  possible  that  this  is  an 
important  mechanism  in  the  regulation  of  cellular  metabolism,  particularly 
synthetic  pathways,  although  as  yet  only  a  few  feedback  systems  have  been 
demonstrated.  The  action  on  the  enzyme  may  be  either  direct  or  upon  its 
synthesis,  as  is  illustrated  in  Fig.  7-34.  Some  examples  of  direct  negative 


Fig.  7-34.  Feedback  mechanisms.  A  substrate,  S,  is  taken  into  the  cell  and  meta- 
bolized progressively  through  the  intermediates,  Xi  and  Xj,  to  a  product  P.  This 
product  is  able  to  affect  the  activity  of  Eg  either  directly  (lower  dashed  arrow) 
or  by  altering  the  rate  of  its  synthesis  (upper  dashed  arrow)  from  amino  acids  in 
the  enzyme-forming  system  (EFS).  If  the  product  is  added  to  the  medium  outside 
the  cell,  Po,  it  may  enter  and  exert  the  same  action  as  the  endogenously  formed 
product.  (Adapted  from  Umbarger  and  Brown,   1958.) 

feedback  may  be  cited:  the  inhibition  of  L-threonine  deaminase  in 
Escherichia  coli,  by  the  product  L-isoleucine,  preventing  the  accumulation 
of  its  own  precursor,  since  this  enzyme  catalyzes  the  initial  step  in  the 
formation  of  L-isoleucine  from  L-threonine  (Umbarger  and  Brown,  1958); 
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the  inhibition  by  histidine  of  the  formation  of  compound  III,  an  inter- 
mediate in  histidine  biosynthesis  (Moyed  and  Friedman,  1959);  the  inhi- 
bition by  uridine  diphosi^hate  of  the  reaction  orotidylic  acid  -^  uridine 
monophosphate  in  pyrimidine  biosynthesis  of  rat  liver  (Potter  and  Blair, 
1959);  the  inhibition  of  deoxycytidylate  deaminase  by  two  products  sub- 
sequent to  deoxycytidylate,  namely  deoxyuridylate  and  deoxythymidy- 
late,  in  rat  liver  (Maley  and  Maley,  1959);  and  the  inhibition  by  trypto- 
phan of  the  synthesis  of  its  precursor,  anthranilate,  in  Aerobacter  aerogenes 
(Doy  and  Pittard,  1960).  An  interesting  situation  occurs  in  certain  mu- 
tants of  E.  coli  where  5-amino-4-imidazolecarboxamide  riboside  accumu- 
lates because  no  transformylase  is  present  (Gots  and  Gollub,  1959).  The 
accumulation  of  this  compound  ceases  when  any  purine  that  can  support 
growth  is  added.  The  accumulation  is  also  depressed  when  purine  analogs 
are  added  to  the  medium.  These  analogs  sufficiently  resemble  the  natural 
purines  to  act  as  feedback  inhibitors.  Since  these  analogs  may  also  inter- 
fere with  the  metabolism  in  the  later  stages  of  purine  nucleotide  biosyn- 
thesis, they  may  inhibit  at  two  sites.  An  example  of  negative  feedback  on 
enzyme  synthesis  is  the  suppression  of  ornithine  transcarbamylase  by  the 
final  product  arginine  (Ennis  and  Gorini,  1959).  The  kinetic  behavior  of 
such  systems  and  their  response  to  inhibition  are  interesting  and  justify 
more  than  the  superficial  treatment  presented  below. 

Dependence  of  Rate  on  the  Concentration  of  Substrate 
A  simple  negative  feedback  system  may  be  be  represented  as: 


A^B^C^D  (7-53) 

where  the  intermediate  C  inhibits  E^  competitively.  Competitive  inhibition 
is  assumed  because  it  is  likely  that  most  feedback  inhibition  will  be  of  this 
nature,  due  to  the  structural  similarity  of  A  and  C.  Reaction  3  is  included 
so  that  (C)  may  be  kept  constant  in  a  steady  state.  The  individual  rate 
expressions  are: 

^^(^)  (7-54) 


(A)  +  K, 

F.(B) 

(B)  +  K, 

(C)  +  K, 


1  +   ''' 


K. 


(7-55) 


(7-56) 
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where  K^  is  the  inhibition  constant  for  C  on  E^.  Eqnating  i\  and  v^,  the 
following  quadratic  espression  for   (C)   in  the   steady  state   is  obtained: 


(C)^  +  K, 


(A) 


(C) 


VrKcKAM 


(7-57) 


From  (C)  the  steady-state  rate  may  be  obtained  from  Eq.  7-56.  Results 
for  an  arbitrarily  chosen  system  are  shown  in  Fig.  7-35.  The  steady-state 
rate  is,  of  course,  less  than  if  no  feedback  existed,  and  the  fractional  re- 
duction due  to  feedback  is  shown  in  curve  3.  However,  the  feedback  helps 


lOOrnM 


CA)- 


FiG.  7-35.  Variation  of  the  rate  with  substrate  concentration  in  a  feedback  system 
(7-53).  Fi  =  2,  Fa  =  10,  Fa  =  1,  K,  =  \  mM,  K,  =  0.3  mM,  and  K^  =  1  mM. 
Curve  1:  steady-state  rate  Vg^.  Curve  2:  rate  of  reaction  1  assuming  no  feedback.  Curve 
3:  fractional  reduction  of  the  rate  by  feedback.  The  dashed  hne  4  indicates  the 
maximal  (A)  for  a  steady  state  if  there  is  no  feedback. 

to  maintain  the  system  in  a  steady  state;  without  the  feedback,  (A)  could 
not  be  greater  than  1  mM,  as  indicated  by  line  4,  but  with  the  feedback, 
(A)  can  be  any  value  and  a  steady  state  may  be  established.  The  reason 
for  this  is  that  as  (A)  increases,  (C)  increases  and  exerts  more  inhibition 
on  Ej  so  that  reaction  1  slows  down;  an  equilibrium  is  reached  when  (C) 
is  at  that  level  which  will  inhibit  E^  sufficiently  to  maintain  (C). 


Inhibition   of  Feedback   Systems 

Inhibition  of  either  E^  or  E3  will  alter  the  steady-state  concentration 
of  C,  according  to  Eq.  7-57,  and  when  the  resultant  over-all  rates  are  cal- 
culated it  is  found  that  there  is  relatively  little  buffer  capacity,  as  shown 


SELF-KEGULATORY   OR   FEEDBACK    SYSTEMS 


371 


in  Fig.  7-36.  Furthermore,  the  same  effect  on  over-all  rate  is  produced  by 
inhibition  on  either  enzyme.  A  simple  monolinear  chain  without  feedback 
would  behave  quite  differently;  there  would  be  buffer  capacity  upon 
inhibition  of  'E^  and  generally  quite  marked  buffer  capacity  upon  inhibition 
of  Eo.  Reaction  1  is  no  longer  the  sole  determinant  of  the  rate.  The  results 


(^t 


Fig.  7-36.  Effect  of  noncompetitive  inhibition  of  Eg  on  the  over-all 
inhibition  of  a  feedback  system  (Eq.  7-53)  and  on  the  concentration  of 
the  inhibiting  product.  Same  system  as  in  Fig.  7-35.  Curve  1:  inhibition 
of  over-all  rate.  Curve  2:  inhibition  of  Eo.  Curve  3:  concentration  of  C. 


may  be  understood  to  arise  in  the  following  ways.  When  Ej  is  inhibited  by 
an  added  inhibitor,  the  rate  of  formation  of  C  is  reduced  so  that  (C)  falls, 
which  releases  Ej  from  some  of  the  inhibition  previously  exerted  on  it  by  C. 
Thus  the  over-all  rate  will  not  be  inhibited  proportionately  to  the  inhibition 
on  E]^.  Likewise,  when  E3  is  inhibited  there  is  a  rise  in  (C)  which  will  slow 
down  reaction  1  through  the  feedback  inhibition,  but  (C)  cannot  rise  to 
a  sufficient  level  to  maintain  the  initial  rate  because  its  rate  of  formation 
is  reduced.  A  feedback  system  thus  has  less  buffer  capacity  than  a  mono- 
linear  chain  without  feedback  when  an  enzyme  after  the  first  is  inhibited, 
but  greater  buffer  capacity  when  the  initial  enzyme  in  the  chain  is  inhibited. 
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On  the  whole,  although  feedback  systems  operate  more  slowly  than  com- 
parable linear  chains,  they  possess  a  wider  degree  of  stability  in  resisting 
inhibition. 

NETWORK    SYSTEMS 

If  grids  of  transferring  sites  actually  exist  on  complex  enzymes  or  in 
multienzyme  systems,  as  has  been  postulated  for  the  succinic  and  DPNH 
dehydrogenases  by  Green  (1956),  the  kinetics  may  be  quite  different  than 
those  of  ordinary  enzyme  reactions.  In  an  electron-transferring  grid,  rates 
cannot  be  formulated  in  terms  of  Michaelis-Menten  kinetics,  unless  the 
conductance  is  so  high  that  electron  movement  through  the  grid  does  not 
contribute  to  the  over-all  rate  behavior.  The  mechanism  of  conduction 
here,  of  course,  is  not  the  same  as  through  metals  but  involves  cyclic  oxi- 
dation and  reduction  of  the  grid  components.  It  is  quite  probable  that 
such  electron  transfers  would  not  be  limiting  under  normal  conditions, 
but  might  become  so  in  the  presence  of  certain  inhibitors,  for  example 
those  chelating  metal  ions  in  the  grid.  The  response  to  inhibition  would 
have  to  be  expressed  in  terms  of  the  statistical  distribution  of  inhibitor 
molecules  throughout  the  grid,  but  in  the  present  state  of  ignorance  of  the 
organization  of  such  systems,  a  quantitative  treatment  would  be  meaning- 
less. One  could  predict,  in  general,  that  as  the  concentration  of  inhibitor 
was  increased,  there  would  be  little  effect  on  the  conductance  or  rate  until 
a  relatively  large  fraction  of  the  sites  was  combined,  since  some  pathways 
would  remain  functional  despite  a  scattering  of  inactive  sites.  However, 
at  higher  inhibitor  concentrations  the  rate  will  drop  rapidly,  so  that  an 
inhibition-concentration  curve  will  be  very  steep.  It  may  also  be  noted 
that  combination  of  a  grid  site  with  an  inhibitor  need  not  block  electron 
flow  through  that  site,  but  may  alter  the  oxidation-reduction  potential  or 
merely  slow  the  rate  of  movement  of  electrons  through  that  site.  A  spec- 
trophotometric  study  of  the  changes  in  the  steady-state  conditions  of  the 
respiratory  enzymes  in  wheat  roots  and  yeast  by  Lundegardh  (1959)  led 
him  to  postulate  a  spatial  organization  of  the  respiratory  system  in  which 
the  individual  enzymes  form  multimolecular  units.  Cytochrome  b  and 
FAD  occupy  one  complex  grid  system  and  cytochrome  c  and  cytochrome 
oxidase  occupy  another  mixed  grid,  the  flow  of  electrons  occurring  within 
a  network  in  each  case. 

GENERAL   CONSIDERATIONS   OF    MULTIENZYME    SYSTEMS 

There  are  certain  general  properties  of  multienzyme  systems  and  several 
concepts  applicable  to  all  types  of  system  that  will  be  discussed  briefly  in 
this  section. 
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Transit  Time 

Dixon  (1949,  p.  15;  Dixon  and  Webb,  1958.  p.  566)  has  pointed  out  that 
in  multienzyme  systems  there  may  be  a  factor  additional  to  the  rates  of 
the  component  enzymes  that  may  play  a  role  in  determining  the  over-all 
rate,  namely  the  diffusion  of  an  intermediate  from  one  enzyme  to  the  next. 
The  transit  time  is  the  average  time  required  for  the  diffusion  between 
enzymes  to  occur.  If  an  irreversible  monolinear  chain  is  in  a  steady  state, 
this  implies  that  the  rates  of  the  diffusion  processes  are  identical  with  the 
rate  of  the  initial  step.  If  diffusion  is  slower  than  this  rate,  intermediates 
may  progressively  accumulate  and  the  rate  of  formation  of  the  product 
may  be  less  than  the  rate  of  utilization  of  the  initial  substrate,  in  which 
case  the  diffusion  may  be  said  to  be  limiting.  When  diffusion  is  limiting, 
the  response  of  the  system  to  inhibition  may  be  different  than  when  the 
rate  is  determined  by  an  enzyme  reaction.  Diffusion  is  apt  to  be  more  im- 
portant in  compartmentalized  systems  and  this  wiU  be  discussed  in  the 
following  section. 

The  transit  time  will  depend  on  (1)  the  distance  over  which  diffusion 
takes  place,  (2)  the  diffusion  constant  of  the  intermediate,  which  is  related 
to  its  molecular  size  and  shape,  and  (3)  the  presence  of  any  barriers  to  dif- 
fusion between  the  enzymes.  The  modifications  in  the  kinetics  of  multi- 
enzyme  systems  introduced  by  a  diffusion  process  will  depend  on  the  struc- 
tural properties,  that  is,  the  spatial  relations  of  the  enzymes.  In  hetero- 
geneous catalysis,  the  problem  is  usually  one  of  diffusion  of  the  reactant 
from  the  body  of  the  solution  to  a  surface  containing  the  active  sites;  the 
kinetics  of  diffusion  and  of  diffusion-limited  catalysis  have  been  formulated 
for  various  types  of  systems  (Lee,  1953,  p.  125;  Moelwyn-Hughes,  1957, 
p.  1167;  Crank,  1956). 

Let  us  first  consider  the  simple  situation  where  a  substance.  B.  diffuses 
from  a  plane,  at  which  the  concentration  of  B  remains  constant,  to  another 
plane  at  which  B  is  adsorbed  and  reacted  catalyticaUy  (Fig.  7-37).  The 
rate  at  which  the  substance  arrives  at  the  active  sites  is  given  by: 

4r  ^  ^  [(B),  -  (B),]  (7-58) 

where  a  is  the  area  of  the  planes  under  consideration,  D  is  the  diffusion 
coefficient,  (B)i  is  the  concentration  at  the  first  plane  and  (B)2  is  the  con- 
centration at  the  catalytic  plane.  The  rate  at  which  B  is  reacted  if  the 
mechanism  is  enzjinic  is: 

dB  aFf,(B)2 


dt  (B),  +  K, 


(7-59) 


since  the  rate  will  also  be  proportional  to  the  area  over  which  the  reaction 
occurs.  In  the  steady  state,  these  two  rates  must  be  equal,  and  (6)2  may  be 
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obtained  in  terms  of  (B)i  by  equating  7-58  and  7-59  and  solving  for  {B)^, 
leading  to  the  quadratic  equation: 


(B)! 


D 


+  K, 


(B)i 


(B),  -  A',(B),  =  0 


(7-60) 


From  (B)2  the  steady-state  rate  of  the  reaction  may  be  calculated.  Inspection 
of  Eq.  7-60  shows  that  the  greater  the  distance  between  the  planes,  the 
less  (B)2  will  be  and  the  slower  the  reaction  rate  will  be.  Also  the  greater 
the  diffusion  coefficient,  the  higher  (6)2  will  be  and  the  more  rapid  the 
reaction  rate;  thus,  in  the  general  case,  the  rate  of  formation  of  C  will  be 
dependent  upon  the  diffusion  process,  both  with  respect  to  the  rate  of 
diffusion  of  B  and  the  distance  to  the  reactive  sites.  Of  course,  when  ^^  — 
(B)i  is  much  larger  than  VidjD,  changes  in  either  d  or  D  will  not  alter  {B)2 


Fig.  7-37.  Diagram  illustrating  diffusion 
of  substance,  B,  from  plane  1  to  catalyt- 
ic plane  2  where  it  is  reacted  to  form  C. 


or  the  rate  appreciably.  If  the  enzyme  is  inhibited,  (B)2  will  rise  in  the 
general  situation  and  counteract  the  inhibition  to  maintain  the  steady  rate 
within  limits;  however,  in  almost  all  cases  there  will  be  some  inhibition  on 
the  rate  of  formation  of  C,  although  generally  less  than  on  the  enzyme  in  the 
presence  of  constant  substrate  concentration.  When  V^jdlD  is  small  com- 
pared to  jfiTj  —  (B)i,  that  is,  when  the  enzyme  rate  is  inherently  slow,  the 
distance  is  small,  or  the  diffusion  is  rapid,  inhibition  of  the  enzyme  will 
produce  identical  inhibition  in  the  formation  of  C;  these  would  be  conditions 
in  which  diffusion  is  not  limiting  and  (B)2  is  approximately  equal  to  (B)i. 
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This  system  may  now  be  extended  to  the  situation  where  B  is  being  formed 
enzymically  at  a  constant  rate  from  A: 


In  the  steady  state: 


Ej  Eg 

A^  B,^  B,^  C  (7-61) 


(7-62) 


(A)  +  K,         (B),  +  K, 


from  which  the  value  of  (B)2  may  be  obtained  in  terms  of  (A).  Since  the 
rate  is  also  that  given  in  Eq.  7-58,  the  value  of  (B)i  may  be  calculated 
from  (B)^: 


(i 


•"■■•"■'^wItt*' 


(7-63) 


It  is  quite  possible,  however,  that  the  rate  of  reaction  1  may  be  too  rapid 
to  allow  diffusion  of  B  at  a  rate  necessary  to  maintain  reaction  2  in  a  steady 
state  with  reaction  1,  since,  although  B  will  accumulate,  in  many  systems 
(B)i  cannot  rise  above  a  limited  value.  In  such  diffusion-limited  multi- 
enzyme  systems,  inhibition  of  E^  will  not  affect  the  formation  of  C  to  any 
extent  until  the  rate  of  reaction  1  has  been  reduced  to  a  level  comparable 
to  the  diffusion  process.  Inhibition  of  Eg  will  generally  depress  formation 
of  C  but  the  rate  will  progressively  increase  as  B  accumulates. 

It  is  likely  that  in  the  cell,  where  distances  between  enzymes  are  small, 
diffusion  is  seldom  a  limiting  factor  in  metabolic  rates,  unless  the  consec- 
utive enzymes  are  separated  by  some  barrier  membrane  slowing  diffusion. 
However,  in  isolated  enzyme  preparations,  diffusion  may  well  be  an  im- 
portant rate-determining  process,  the  enzymes  usually  being  diluted  and 
relatively  far  apart.  The  opportunity  for  diffusion  to  become  important 
is  increased  as  the  size  of  the  diffusing  intermediate  molecule  is  increased. 
Many  interenzyme  diffusing  molecules  are  quite  large,  such  as  ATP  or 
DPNH,  and  in  isolated  preparations  carriers  as  large  as  cytochrome  c 
may  be  compelled  to  diffuse. 

The  diffusion  law  applied  above  (Eq.  7-58)  may  not  be  valid  for 
systems  where  the  distances  involved  are  of  molecular  dimensions.  A  mol- 
ecule does  not  diffuse  in  a  straight  line  but  along  a  complex  path  deter- 
mined by  collisions  with  other  molecules.  The  average  speed  along  a  single 
linear  path  between  collisions  is  high  but  the  rate  of  diffusion  is  much  slower 
due  to  the  circuitous  path  taken.  If  the  active  sites  of  two  consecutive  en- 
zymes are  separated  by  distances  of  the  order  of  10-200  A  and  in  a  cavity 
where  no  water  molecules  are  present,  the  time  required  for  transfer  of  an 
intermediate  between  sites  may  be  exceedingly  brief.  The  mean  speed  of  a 
molecule  along  a  linear  path  is  given  by  t;  =  (8i?T/7rM)  -  and  for  a  molecule 
of  molecular  weight  of  100,  v  =  2.6x10*  cm/sec  at  37. 5^.  It  wovild  thus 
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require  only  3.9  X  10~^^  sec  for  a  molecule  to  go  100  A  on  the  average.  Even 
if  the  molecule  had  to  bounce  around  within  the  cavity  many  times  before  it 
collided  appropriately  with  the  active  site,  an  extremely  short  time  would 
be  necessary  and  such  could  not  iiossibly  exert  a  limiting  action  on  the 
rate. 

However,  most  instances  of  transfer  involve  diffusion  through  the  aque- 
ous medium  and  this  requires  displacement  of  water  molecules,  many 
collisions,  and  a  nonlinear  path.  The  time  required  for  a  mean  displace- 
ment, d,  of  a  diffusing  molecule  is  given  by  the  approximate  equation, 
t  =  d^l2D,  where  D  is  the  diffusion  coefficient  and  applies  to  a  unit  con- 
centration gradient.  We  may  take  D=  1x10"^  cm-/sec  for  a  molecule 
of  molecular  weight  of  100.  Actually  a  good  deal  of  variation  in  D  occurs 
between  molecules  of  the  same  molecular  weight,  because  hydration  of  ionic 
groups  or  hydrogen  bonding  to  the  solvent  water  may  slow  diffusion  sig- 
nificantly. Since  the  diffusion  coefficient  varies  inversely  with  the  cube 
root  of  the  molecular  weight,  approximate  values  for  D  may  be  assigned 
for  any  size  molecule.  It  is  also  evident  that  the  shape  of  a  molecule  will 
be  a  modifying  factor  in  the  rate  of  diffusion.  Since  here  we  are  interested 
only  in  rough  values  for  comparative  purposes,  the  values  assigned  D 
in  Table  7-1  are  adequate  and  correspond  well  with  experimental  results. 
The  table  gives  the  times  required  for  molecules  of  various  sizes  to  diffuse 
over  the  distances  indicated.  These  figures  may  be  compared  with  the  times 
required  to  catalyze  the  reaction  of  one  molecule  in  a  multi-enzyme  system. 
The  turnover  numbers  of  enzymes  vary  over  a  wide  range  but  for  many 
important  enzymes  occurring  in  sequences  (such  as  those  in  glycolysis, 

Table  7-1 
Transit  Times   of  Molecules   Diefusing  through    Aqueous   Medium  " 


Transit 

time.'^ 

(msec) 

d  (A) 

Mol.  wt.  100 

500 

10,000 

50,000 

D:  1  X  10-5 

0.5-10-5 

0.2x10-5 

0.07x10-5 

50  A 

1.25x10-5 

2.5x10-5 

6.2x10-5 

1.8x10-* 

100  A 

-     5x10-5 

1  X  10-" 

2.5x10-* 

7.1x10-* 

1000  A 

5x10-3 

1x10-2 

2.5x10-2 

7.1x10-2 

10,000  A  (1 

/') 

0.5 

1 

2.5 

7.1 

100,000  A  (1 

0/0 

50 

1 00 

250 

710 

"  The  transit  times  given  are  the  average  intervals  in  msec  required  for  spherical 
molecules  of  the  molecular  weight  indicated  to  diffuse  the  distances  shown  in  the  left- 
hand  column.  The  figures  are  only  approximate  and  give  merely  the  general  order  of 
magnitude  to  be  expected. 
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the  tricarboxylic  acid  cycle,  electron  transport,  and  phosphate  transfer) 
the  values  generally  fall  between  2000  and  25,000  molecules  of  substrate 
reacting  per  enzyme  site  per  minute  under  optimal  conditions.  Since  the 
enzymes  of  a  sequence  are  seldom  saturated  with  substrate  and  inasmuch 
as  the  over-all  rate  relates  particularly  to  the  slowest  step,  a  turnover 
number  of  around  5000  may  be  selected  as  representing  an  active  multi- 
enzyme  system.  At  this  rate,  one  molecule  of  substrate  and  each  inter- 
mediate is  reacted  per  enzyme  site  each  12  msec.  If  molecules  are  to  be 
transferred  from  enzyme  to  enzyme  as  rapidly  as  reacted,  so  that  no  marked 
accumulation  occurs,  the  transit  time  must  be  less  than  this  value.  Table 
7-1  shows  that  this  will  be  the  case,  even  with  molecules  of  protein  size, 
when  the  distance  between  enzymes  is  less  than  10,000  A  or  1  //.  Within 
the  cell  the  distances  would  certainly  be  less,  so  that  diffusion  would  not  be 
limiting  unless  permeability  barriers  between  the  enzymes  existed.  In  an 
isolated  homogeneous  enzyme  preparation,  where  each  enzyme  of  the  se- 
quence is  present  at  lO"'^  M,  the  average  distance  between  consecutive 
enzymes  would  be  0.25  //.  Thus  it  is  unlikely  that  diffusion  will  be  limiting 
even  in  these  preparations  unless  the  turnover  number  of  an  enzyme  is 
very  high  and  the  diffusing  intermediate  is  large,  or  the  enzyme  concen- 
tration is  much  less  that  10"'^  M. 

Compartmentalization 

The  effect  of  restriction  of  multienzyme  sequences  to  limited  regions 
of  the  system  on  the  maintenance  of  the  steady  state  during  inhibition  has 
been  discussed.  However,  there  are  many  possible  types  of  compartmental- 
ization in  cells  and  it  is  probable  that  this  is  often  an  important  factor  in 
the  response  to  inhibition.  Recent  studies  of  cell  structure  indicate  that 
there  may  be  more  compartmentalization  than  previously  believed.  The 
demonstration  of  a  system  of  membranes  within  the  cytoplasm  (endo- 
plasmic reticulum),  the  probability  of  two  or  more  distinct  regions  in  mito- 
chondria, and  the  unsuspected  double  nature  of  most  membranes  all  point 
to  the  likelihood  that  the  cell  consists  of  a  very  complex  structure  of  dif- 
ferent compartments  separated  by  barriers  with  different  properties.  Evi- 
dence is  accumulating  that  metabolic  systems  exist  in  these  various  re- 
gions and  can,  within  limits,  operate  independently. 

The  subject  of  compartmentalization  with  all  its  ramifications  is  much 
too  extensive  and  complex  to  be  taken  up  here  in  any  detail,  but  it  may  be 
useful  to  outline  in  a  qualitative  fashion  the  changes  brought  about  by  two 
basic  types  of  compartmentalization  (Fig.  7-38).  Each  of  the  three  systems 
—  the  homogeneous  (I),  the  single  compartment  (II),  and  the  double  com- 
partment (III)  —  contains  the  same  total  amount  of  enzymes  and  substrate, 
the  only  difference  being  the  restriction  of  the  enzymes  to  certain  regions. 
Two  general  situations  may  be  distinguished:  the  compartment  membranes 
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either  do  or  do  not  restrict  diffusion  sufficiently  to  make  this  a  factor  in 
the  over-all  rate.  When  diffusion  is  not  limited,  d{A)jdt  will  be  the  same  in 
each  case  because  the  spatial  distribution  of  E^  does  not  affect  the  rate, 
but  d{C)ldt  is  not  necessarily  the  same.  Compartmentalization  may  allow 
(B)  to  rise  to  higher  levels  than  in  a  homogeneous  system  and  aids  main- 
tenance of  the  steady  state  in  (II);  however,  in  (III),  where  B  must  diffuse 
between  compartments,  the  situation  will  not  differ  from  (I).  System  (II) 
will  thus  be  more  resistant  to  inhibition  of  Eg  with  respect  to  d{C)ldt. 
When  the  membranes  suppress  diffusion,  d(A)jdt  may  be  reduced  in  (II) 
and  (III),  and  the  reduction  of  d{C)ldt  is  apt  to  be  greater  in  (III).  It  may 
be  pointed  out  that  the  kinetics  of  such  systems  are  the  same  as  those  of 
the  simple  diffusion  case  treated  above  (Eqs.  7-58  and  7-59)  with  D  replaced 


A  C 

^1 

A—  B  — C 
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A  C 

E|  Ep 


ft  L 


m 


Fig.  7-38.  Illustration  of  the  two  basic  types  of  compartmentalization. 

System  (I)  is  homogeneous,  system  (II)  has  a  single  compartment,  and 

system  (III)  has  two  compartments. 


by  a  permeability  constant.  It  is  evident  that  inhibition  of  enzymes  in  a 
system  where  permeability  determines  the  metabolic  rate  will  not  produce 
an  effect  on  this  rate  until  the  enzyme  activity  is  reduced  sufficiently 
so  that  the  permeability  is  no  longer  the  limiting  factor.  The  total  number 
of  diffusion  steps  in  a  two-enzyme  reaction  within  a  cell  may  thus  be  large: 
five  for  (I),  nine  for  (II)  and  thirteen  for  (III).  One  or  more  of  these  steps 
may  be  important  in  the  rate  of  formation  of  C. 

Hearon  (1949  b)  and  Bierman  (1954)  have  discussed  metabolic  systems 
limited  by  diffusion.  Bierman  particularly  has  presented  a  detailed  analy- 
sis of  several  types  of  systems.  Unfortunately,  the  kinetics  were  derived 
on  the  basis  of  a  linear  relationship  between  substrate  concentration  and 
rate,  and  are  not  applicable  generally  to  metabolic  systems.  The  approx- 
imation, V  =  F,„(A),  is  valid  only  when  (A)  is  much  less  than  Ky„;  an 
appreciable  error  is  introduced  if  (A)  is  greater  than  Kf^JlO.  One  may  say 
that  the  steady-state  concentrations  of  intermediates  are  usually  low  in 
most  multienzyme  systems,  but  it  is  not  the  concentration  only,  it  being 
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rather  the  specific  concentration  (A)',  that  is  important.  The  over-all  con- 
centration of  an  intermediate  in  a  reaction  mixture  may  be  low  but  the 
level  within  a  compartment  may  be  much  higher  also.  Nevertheless,  some 
of  the  general  conclusions  on  the  effects  of  compartmentalization  brought 
out  by  Hearon  and  Bierman  are  qualitatively  valid. 

Holzer  (1959)  has  pointed  out  well  that  it  is  difficult  to  determine  the 
behavior  of  multienzyme  systems,  especially  branched  chains,  because  the 
intracellular  concentrations  of  the  substrates  and  intermediates  are  gen- 
erally not  known.  The  concentration  of  inorganic  phosphate  within  the 
cell  as  calculated  from  the  equilibrium  reaction  catalyzed  by  phosphory- 
lase  is  much  lower  than  that  based  on  the  analysis  of  total  inorganic  phos- 
phate. This  must  be  interpreted  to  mean  that  phosphate  is  very  unequally 
distributed  within  the  cell.  Certainly  the  rates  of  many  intracellular  en- 
zyme reactions  must  depend  on  the  particular  region  in  which  the  enzymes 
occur  and  on  the  concentrations  of  the  involved  substrates  in  these  regions. 

Structural    Disruption   of  Multienzyme   Systems 

When  multienzyme  systems  are  spatially  organized,  either  by  aggre- 
gation of  enzymes  into  complexes  or  localization  into  specific  regions,  in- 
hibition of  the  metabolic  rate  may  be  brought  about  by  the  inhibitor  dis- 
turbing in  some  manner  this  organization  rather  than  by  a  direct  action 
on  the  enzyme.  This  possibility  must  always  be  kept  in  mind  when  inter- 
preting the  results  of  the  action  of  an  inhibitor  on  such  complex  systems. 
The  types  of  structural  disturbance  to  which  a  system  is  sensitive  will 
depend  on  the  way  in  which  the  component  enzymes  are  organized.  If  the 
enzymes  are  held  together  in  a  complex,  a  substance  could  alter  the  distance 
between  active  sites  or  actually  split  the  complex  by  reacting  with  the  en- 
zyme protein  or  with  some  cementing  material.  Compounds  which  react 
avidly  with  protein  groups,  such  as  the  sufhydryl  reagents,  or  form  hy- 
drogen bonds  readily,  such  as  urea,  or  are  adsorbed  at  water-protein  in- 
terfaces, such  as  a  detergent,  would  be  most  likely  to  interfere  in  this  man- 
ner. If  the  consecutive  enzymes  interact  by  rotation,  as  has  been  postulated 
by  Chance  (1956)  for  electron  transport,  a  substance  could  hinder  rotation 
without  necessarily  splitting  apart  the  enzymes.  Restriction  of  rotation 
could  be  achieved  sterically  by  simply  reacting  with  certain  protein  groups. 
Finally,  if  the  enzymes  are  compartmentalized  by  membranes,  a  substance 
could  decrease  the  permeability  to  the  substrate  or  intermediates,  or  pos- 
sibly disrupt  the  membrane  so  that  organization  and  the  steady  state  are 
abolished.  In  these  and  other  ways,  nonenzymic  effects  (that  is,  those  that 
would  not  be  observed  with  the  isolated  enzyme)  may  depress  sequential 
reactions  in  cells  and  some  of  the  effects  observed  in  mitochondrial  suspen- 
sions may  be  attributable  to  changes  in  the  surrounding  membrane,  lead- 
ing to  loss  of  coenzymes  and  disorganization  of  structure  from  swelling. 
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The   Concept   of  the    Limiting    Rate 

The  belief  that  in  any  type  of  sequential  reaction  there  is  a  step  whose 
rate  is  slower  than  that  of  any  other  step  and  hence  is  limiting  the  over-all 
rate  has  been  very  common  amongst  biochemists  and  biologists  for  many 
years.  It  has  been  stated  in  various  ways  that  the  over-all  kinetics  will 
depend  only  on  those  of  the  limiting  step,  that  effects  upon  the  system  will 
be  observed  only  when  the  limiting  step  is  altered,  that  indeed  everything 
from  growth  rates  to  temperature  coefficients  depend  predominantly  on 
some  limiting  step.  It  is  a  dangerous  concept,  unless  properly  applied,  be- 
cause it  is  one  of  the  j)rimary  means  of  introducing  simplification  into  a 
complex  system,  which,  although  a  laudable  goal,  is  to  be  deplored  if  the 
assumption  is  incorrect.  Warnings  have  been  issued:  e.g.,  .Greenberg  (1956) 
stated  "It  is  apparent  ...  that  in  a  sequence  of  enzyme  reactions  the  step 
with  the  lowest  velocity  at  saturation  with  its  substrate  may  not  be  the 
limiting  reaction  in  a  steady  state,"  and  Hinshelwood  (1946)  emphasized 
that  "  The  velocity  of  a  series  of  consecutive  reactions  is  certainly  not 
governed  in  general  by  that  of  the  slowest."  It  is  important  to  understand 
when  this  concept  is  valid  and  when  it  is  merely  an  unjustified  simpli- 
fication. 

One  of  the  sources  of  confusion  is  the  failure  to  differentiate  between  the 
inherent  or  potential  rate  of  an  enzyme  and  its  actual  rate  under  the  ex- 
perimental conditions.  If  each  enzyme  of  a  multienzyme  system  is  isolated 
and  its  maximal  rate  determined,  it  is  not  necessary  when  these  en- 
zymes are  operating  sequentially  that  the  enzyme  with  the  lowest  maximal 
rate  will  be  limiting,  because  the  concentrations  of  the  initial  substrate 
and  the  intermediates  will  determine  to  a  great  extent  the  over-all  rate  and 
which  enzyme  might  be  considered  to  be  limiting.  Thus  the  first  enzyme  in 
a  monolinear  chain  will  often  be  limiting,  whatever  its  potential  rate,  due 
to  a  low  concentration  of  its  substrate,  and  likewise  the  inability  of  a  par- 
ticular intermediate  to  rise  sufficiently  may  impose  limitation  on  an  active 
enzyme.  The  presence  of  compartmentalization  will  thus  determine  in 
some  cases  what  step  is  rate-controlling. 

Another  difficulty  in  thinking  about  limiting  rates  has  been  the  lack  of 
a  quantitative  expression  for  the  degree  to  which  a  particular  step  is  con- 
trolling the  formation  of  the  product.  The  response  to  enzyme  inhibition 
often  depends  markedly  upon  this  and  thus  a  simple  approach  to  a  quan- 
titative formulation  will  be  presented.  Let  us  assume  that  in  the  monolinear 
chain,  A  -^  B  -^  C,  the  concentration  of  A  is  such  that  reaction  1  is  pro- 
ceeding at  a  rate  greater  than  the  maximal  rate  of  reaction  2,  Fg.  It  is 
evident  that  E;^  must  be  inhibited  so  that  t\  falls  below  Fg  before  any 
depression  of  v^  occurs.  The  initial  yi=Fi(A)/[(A)  +  ^J  and  this  must  be 
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brought  down  to  Fg  to  inhibit  reaction  2;  the  degree  of  inhibition  to  reduce 
Vj  just  to  V2  is  then: 


H  =  1 1^ 

'  1 


'  ^   (A, 


F2 

=  1 (7-64) 


The  limiting  rate  coefficient  for  reaction  2  may  be  defined  as  72/^1  '^^^^^  ^^6- 
signated  bv  Lg-   Thus: 

^o  =  1  -  L,  (7-65) 

When  iv2  is  unity  or  greater,  reaction  2  is  not  limiting  and  inhibition  of  E^ 
will  always  depress  v^,  when  Lo  is  less  than  unity,  a  certain  amount  of  in- 
hibition, ?o-  must  be  exerted  on  E^  before  v.^  is  altered,  and  the  smaller 
L2  is,  the  greater  must  this  inhibition  be.  We  may  next  inquire  into  the 
inhibition  exerted  on  V2  by  any  inhibition  of  i\.  The  inhibition  of  i\  is 
{j  and  the  consequent  inhibition  of  v.^  is  io  and  the  relation  between  them  is: 

i,  =  AJLil  (7-66) 

1    -  lo 

which  can  be  shown  to  reduce  to: 

U  =  1  -  ^-f^  (7-67) 

after  substitution  from  Eq.  7-65.  The  inhibition  of  V2,  or  the  formation  of 
product  C,  is  thus  related  quantitatively  to  the  limiting  rate  coefficient  L^. 
This  may  be  extended  to  a  chain  of  any  number  of  steps  and  to  primary 
inhibition  of  any  nonlimiting  reaction  in  that  sequence: 

io  =  l  -  Lj  (7-68) 

i,  =  1   -  ^^-^  (7-69) 

where  j  refers  to  the  step  that  is  limiting  and  k  to  the  step  that  is  acted 
upon  by  the  inhibitor.  Lj  would  be  given  by  Vjlv;^.  In  certain  cases,  Iq 
might  be  greater  than  indicated  by  Eq.  7-68  because  the  concentration 
of  the  intermediate  may  not  be  able  to  rise  to  a  level  saturating  the  enzyme, 
so  that  if)  is  actually  the  minimal  degree  of  inhibition  that  must  be  exerted 
before  the  formation  of  product  is  depressed. 

This  simple  formulation  indicates  the  danger  inherent  in  such  statements 
as  "the  over-all  rate  can  be  depressed  only  by  inhibition  on  the  reaction 
that  is  limiting,"  for  it  will  depend  on  how  great  the  inhibition  is  and  the 
degree  to  which  the  reaction  is  limiting,  that  is,  on  i^.  and  Lj.  If  Lj  is  not 
much  less  than  unity,  although  reaction  j  is  truly  limiting  the  rate  of  for- 
mation of  the  product,  inhibition  on  another  enzyme  maj^  quite  readily 
depress  the  over-all  rate.   Determination  of  limiting  rate  coefficients  is 
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not  difficult  if  the  enzymes  can  be  isolated  or  studied  independently  and 
they  would  provide  a  better  understanding  of  many  multienzyme  systems. 

When  more  complex  multienzyme  systems  are  considered,  it  is  clear 
that  the  concept  of  limiting  rate  is  even  more  vague  and  often  inapplicable. 
In  cyclic  or  regenerative  systems,  although  one  step  may  be  said  to  be  more 
important  in  controlling  the  rate  than  any  other  step,  no  one  step  can  be 
the  sole  determinant,  as  indicated  by  the  fact  that  inhibition  on  any  step 
will  depress  the  over-all  rate  to  some  extent.  Furthermore,  occasionally  the 
controlling  role  must  be  attributed  to  more  than  one  reaction.  For  example, 
under  certain  circumstances  it  is  believed  that  the  triose-P  dehydrogenase 
step  is  the  limiting  reaction  in  glycolysis.  Since  this  may  be  so  because 
of  a  low  concentration  of  ADP,  the  formation  of  pyruvate  of  lactate  may  be 
said  to  be  limited  by  some  reaction  forming  ADP  from  ATP;  inhibition  of 
either  the  triose-P  dehydrogenase  or  the  ATPase  will  depress  glycolysis. 
In  very  complex  metabolic  systems  there  may  be  several  reactions  sensi- 
tive to  inhibition  with  respect  to  the  rate  of  formation  of  some  product. 

The  danger  of  assuming  a  certain  reaction  step  to  be  limiting  a  complex 
metabolic  process  is  illustrated  in  the  fine  study  of  metabolic  regulatory 
mechanisms  by  Wu  (1959).  Although  the  rate  of  lactate  formation  in  HeLa 
cells  was  the  same  under  either  aerobic  or  anaerobic  conditions,  the  lactate 
formed  from  endogenous  carbohydrate  showed  a  pronounced  Pasteur  ef- 
fect. It  was  demonstrated  that  the  rate-limiting  step  in  endogenous  gly- 
cogenolysis  is  glucosan  phosphorylase.  On  the  other  hand,  the  conversion 
of  glucose  to  lactate  in  cells  grown  in  horse  serum  appears  to  be  limited  by 
phosphofructokinase,  whereas  in  cells  grown  in  human  serum,  the  limiting 
factor  is  the  inorganic  phosphate  entering  into  the  phosphoglyceraldehyde 
dehydrogenase  reaction.  Thus  the  same  cells  can  show  at  least  three  differ- 
ent rate-limiting  steps  under  various  conditions.  Such  results  make  the 
assignment  of  limiting  steps  in  the  cells  or  tissue  being  studied,  based  only 
on  work  with  other  types  of  cells  or  different  species,  completely  unreliable. 

Within  the  cell  it  is  probable  that  the  evolution  of  metabolic  pathways 
has  resulted  in  systems  in  which  the  component  reactions  are  balanced  so 
that  no  one  step  is  predominantly  limiting,  at  least  under  all  conditions. 
The  various  processes  controlling  metabolic  rates,  such  as  adaptive  enzyme 
formation,  also  tend  to  lessen  the  occurrence  of  markedly  limiting  reactions. 
In  any  event,  one  is  on  safer  ground  in  assuming  the  absence  of  limiting 
reactions  until  they  are  proved  to  occur,  and  even  then  it  is  well  to  remem- 
ber that  a  limiting  state  may  exist  only  within  a  certain  range  of  conditions. 

Determination   of  Substrate  and   Inhibitor  Constants 

Determination  of  the  constants,  K,,^  and  Ti,,  by  reciprocal  plotting  or 
related  methods  will  often  not  be  possible  in  multienzyme  systems.  The 
variation  in  rate  with  either  (S)  or  (I)  has  been  shown  above  to  deviate 
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appreciably  from  that  in  single  enzyme  systems.  It  is  even  impossible  in 
many  cases  to  establish  the  type  of  inhibition  —  competititive  or  noncom- 
petitive —  in  multienzyme  systems,  because  the  special  kinetics  of  these 
systems  tend  to  obscure  the  behavior  of  the  single  enzyme.  A  valid  de- 
termination of  K^  in  a  multienzyme  system  depends  on  the  assumption 
that  the  step  inhibited  is  truly  limiting  the  rate  measured  under  the  con- 
ditions of  the  experiment,  and  in  the  previous  section  the  dangers  of  such 
assumptions  have  been  pointed  out.  Even  the  simple  equating  of  K^  to 
(I), =0  5  for  noncompetitive  inhibition  is  generally  unjustified  in  multi- 
enzyme systems. 

TRANSITION  BETWEEN  STEADY  STATES 

Inhibition  of  an  enzyme  in  a  reaction  sequence  may  induce  the  system  to 
change  into  a  new  steady  state.  The  transition  from  one  steady  state  to 
another  does  not  occur  instantaneously  because  a  certain  interval  of  time 
is  required  for  the  concentrations  of  the  intermediates  to  reach  their  new 
values.  This  interval  will  be  called  the- transition  time.  Since  this  depends 


1 

(B) 

^ 

V 

■ 

: 

TIME " 

Fig.  7-39.  Changes  in  the  rate  and  concentration  of  intermediate,  B,  with  time  follow- 
ing inhibition  of  Eg  in  a  monohnear  chain,  A-^B^C.  The  interval.  At  required 
for  the  steady  state  to  be  resumed  is  the  transition  time.  The  arrow  at  I  indicates 
the  addition  of  the  inhibitor. 


on  the  rate  of  change  of  intermediate  concentration,  it  will  be  determined 
by  the  relative  rates  of  the  reactions,  the  degree  of  inhibition,  and  the  phys- 
ical state  of  the  system.  The  situation  for  the  simple  monolinear  chain, 
A  ^  B  -^  C,  is  shown  in  Fig.  7-39,  where  inhibition  of  Eg  requires  a  rise 
in  (B)  for  the  steady  state  to  be  maintained.  The  importance  of  this  in 
multienzyme  systems  was  first  pointed  out  by  Burton  (1939).  If  the  tran- 


384  7.   INHIBITION  IN  MULTIENZYME   SYSTEMS 

sition  time  is  long,  it  may  lead  to  a  changing  rate  during  measurement 
and  erroneous  conclusions  about  the  kinetics  of  the  system.  In  the  cell, 
a  prolonged  transition  time  may  make  possible  a  marked  effect  on  the  cell 
by  the  inhibition  and  can  even  secondarily  prevent  the  re-establishment 
of  the  new  steady  state.  It  is  thus  of  some  interest  to  look  into  the  methods 
for  estimation  of  the  transition  time  and  present  the  factors  upon  which  it 
depends. 

Calculation  of  the  transition  time  for  inhibition  in  a  monolinear  chain 
requires  an  expression  for  the  time  necessary  for  (B),  the  initial  concentra- 
tion in  the  uninhibited  steady  state,  to  rise  to  (B),,  the  concentration  that 
makes  it  possible  for  the  steady  state  to  be  resumed  in  the  inhibited  system. 
It  is  clear  that  d{B)ldt  =  i\  —  v^  and  becomes  zero  when  the  rates  are 
equal.  The  exact  solution  requires  the  integration  of: 


cZ(B)  ^    Fi(A)     _a^-^)vm^ 

dt  (A)  +  K,  (B)  +  K, 

between  (B)  and  (B),,  which  gives  for  the  transition  time: 


(7-70) 


(B),  -  (B)  (1  -i)l\K,  i\K,  +  [v,  -  (1  -  i)F,](B), 

^  ~  v,-{\  -  i)\\       [v,  -  (1  -  i)V^Y  ^  vj{,  +  [v,  -  (1  -  i)V,]{B) 

(7-71) 

where  Wj  =  (A)Fi/[(A)  +  K^],  the  rate  of  reaction  1.  Since  substitution  of 
the  expression  for  (B),  [from  Eq.  7-3  with  the  maximal  rate  as  (1  —  i)V2 
for  noncompetitive  inhibition]  leads  to  a  value  of  zero  for  the  numerator 
of  the  fraction  after  In,  we  see  that  theoretically  it  requires  infinite  time 
to  achieve  a  new  steady  state.  Thus  it  will  be  convenient  to  calculate  the 
transition  time  for  (B)  to  rise  90%  of  its  way  to  the  final  steady  state  (B);. 
This  is  given  by: 

0.9[(B),  -  (B)]         2.3(1  -  i)V,K, 
Vi  -  {I  -  OF,        [vi  -  (1  -  t)V2r 

It  is  interesting  that  the  logarithmic  term  is  unity  under  these  specified 
conditions  and  depends  only  on  the  assumed  percentage  rise  towards  (B),. 
Although  this  is  not  the  full  transition  time,  it  provides  a  practical  measure 
of  the  rate  of  change  from  one  steady  state  to  another. 

The  variation  of  transition  time  with  the  degree  of  inhibition  in  a  typ- 
ical monolinear  chain  is  shown  in  Table  7-2.  As  expected  there  is  a  rapid 
rise  in  Jt^g  as  the  inhibition  approaches  completeness.  The  units  of  J^o.g 
will  depend  on  those  taken  for  v^  and  v^:  for  example,  if  the  rates  are  in 
moles/minute,  (B)  and  (B),  must  be  in  molar  concentration  and  Jfg.g  will  be 
expressed  in  minutes.  The  last  column  in  Table  7-2  gives  transition  times 
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calculated  from  a  simplified  equation  based  on  the  assumption  that  the 
concentration  of  the  intermediate  is  so  low  that  Vg  is  proportional  to  (B). 
The  error  introduced  by  this  assumption  is  seen  to  be  appreciable,  espe- 
cially at  high  inhibitions. 

Table  7-2 
Variation  of  Transition  Time  with  Inhibition  " 


Inhibition 

(B) 

(B), 

(B),  -  (B) 

Exact 

Approx. 

(0 

(mil) 

(mM) 

(mM) 

(Eq.  7-72) 

(Eq.  7-74) 

0.1 

0.238 

0.266 

0.028 

0.75 

0.65 

0.25 

0.238 

0.323 

0.085 

2.32 

1.95 

0.5 

0.238 

0.500 

0.262 

7.38 

5.75 

0.75 

0.238 

1.11 

0.872 

25.7 

17.3 

0.9 

0.238 

4.16 

3.922 

147.1 

51.8 

°  Noncompetitive  inhibition  of  Eg.  The  transition  times  have  been  corrected  for 
the  zero  inhibition  artifact  resulting  from  the  assumption  that  (B)  rises  only  90% 
of  the  way  to  (B),,  which,  of  course,  cannot  be  applied  to  the  uninhibited  system. 
l\  =  I,    T'2  =  2,   A'j  =  10   m3I.   A'a  =  5   mM,   and   (A)  =  1    niiV. 

When  the  intermediate  concentration  is  low  so  that  (B)  <  K^,  the  in- 
tegrated exi^ression  for  the  transition  time  is: 


At 


A% 


(1  -  i)V, 


In 


{V2)i 


(7-73) 


where  Vg  is  the  uninhibited  rate  and  (v.^),  the  inhibited  rate.  Substitution 
of  (B)  and  (B);  and  making  the  same  assumption  as  previously,  that  (B) 
rises  90%  of  the  way  to  (B)„  gives: 


•J '0.9 


2.3K, 


(1   -  i)V, 


(7-74) 


In  the  particular  example  chosen,  (B)  is  about  one-twentieth  oi  Ko,  so  that 
the  approximation  is  not  too  inaccurate  until  the  inhibition  on  E.^  requires 
a  relatively  high  {B)^  to  maintain  the  rate. 

Variation  of  the  transition  time  with  (A)  is  shown  in  Table  7-3.  One  might 
expect  that  the  higher  (A)  and  the  faster  reaction  1,  the  less  would  be  the 
transition  time,  but  the  opposite  is  seen  to  occur.  The  reason  for  this  is 
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that  (B),  —  (B)  is  much  greater  when  (A)  is  high;  thus  (B)  must  rise  more 
and  reaction  2  is  corresioondingly  increased  in  rate.  There  is  also  an  in- 
crease in  Atf^g  when  V^  is  increased  relative  to  Fg. 

Table  7-3 
Variation  of  Transition  Time  with  Substrate  Concentration  " 


(A) 

(B) 

(B), 

(B)i  -  (B) 

•^^0.9 

(mM) 

^1 

(mil/) 

(mM) 

(mM) 

0.1 

0.010 

0.025 

0.05 

0.025 

5.94 

0.4 

0.038 

0.098 

0.20 

0.102 

6.39 

1 

0.091 

0.238 

0.50 

0.262 

7.40 

4 

0.286 

0.833 

2.00 

1.167 

13.25 

10 

0.500 

1.667 

5.00 

3.333 

29.8 

40 

0 .  800 

3.333 

20 .  00 

16.667 

196 

"  Xoncojnpetitive  inhibition  of  Ej  with   i  =  0.5.  Constants  as  in  Table  7-2. 

Finally,  one  may  inquire  into  the  change  in  transition  time  when  both 
Vi  and  V2  are  increased  or  decreased  equally,  V^IV^  remaining  constant  It 
may  be  shown  that  (B)  and  (B),  remain  the  same,  since  they  depend  only 
on  F1/F2,  and  that  if  F^  and  Fg  are  changed  j:'-fold,  J?/o.9  will  be  changed 
by  a  factor  of  1/x,  inasmuch  as  the  denominators  in  both  terms  of  Eq. 
7-72  will  be  multiplied  by  x.  Hence,  as  expected,  the  more  rapid  the  rates 
of  the  enzymes  composing  a  monolinear  chain,  the  shorter  will  be  the  time 
necessary  to  change  from  one  steady  state  to  another. 


Fluctuation   and   Overshoot 

In  more  complex  multienzyme  systems,  the  transition  between  steady 
states  may  not  follow  the  simple  logarithmic  course.  When,  following  inhi- 
bition, the  rate  falls  to  a  level  below  the  final  steady  state  and  then  rises 
to  it,  the  time  variation  of  the  rate  may  not  be  as  simple  as  previously 
described.  The  rate  may  not  drop  suddenly  as  in  Fig.  7-39.  In  the  three- 
step  monolinear  chain,  A  ->  B  ^  C  -^  D,  inhibition  of  Ej  will  usually  not 
depress  d{D)l(h  immediately  because  it  will  require  a  finite  time  for  (C) 
to  decrease.  When  there  are  more  steps  past  the  point  of  inhibition  or  when 
the  system  is  properly  compartmentalized,  there  may  be  a  lag  period  before 
any  effect  on  d(D)l(lt  can  be  measured.  Simultaneously,  (B)  will  increase 
and  the  drop  in  (C)  will  be  progressively  counteracted  until  the  final  steady 
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state  is  reached.  The  transition  time,  as  defined  above,  will  not  be  altered 
but  the  rate  during  this  period  may  never  reach  as  low  a  level  as  the  inhi- 
bition on  E2  would  imply.  Such  behavior  is  illustrated  in  Fig.  7-40. 

Deviating  behavior  of  the  concentration  of  intermediate  may  be  describ- 
ed in  the  terminology  of  Denbigh  et  al.  (1948).  When  the  initial  change 
in  an  intermediate  concentration  exceeds  that  of  the  final  steady-state 


time- 


Fig.  7-40.  Illustration  of  the  changes  in 
the  concentrations  of  the  intermediates 
and  in  the  rate  of  formation  of  D  in  a  mo- 
nolinear  chain  following  inhibition  of  Eg. 


concentration,  the  system  may  be  said  to  exhibit  overshoot  (Fig.  7-41A) 
and  if  the  concentration  oscillates  before  reaching  a  final  level,  such  be- 
havior may  be  termed  fluctuation  (Fig.  7-41B).  In  some  systems  the  con- 
centration may  initially  change  in  an  opposite  direction  to  its  final  change 
and  the  system  is  said  to  make  a  false  start  (Fig.  7-41C).  Although  first- 
order  kinetics  were  assumed  (Denbigh  et  al.,  1948),  the  treatment  is  qual- 
itatively applicable  to  enzyme  reactions.  The  rate  of  formation  of  product 
may  or  may  not  follow  such  changes  in  intermediate  concentration  but  the 
same  terminology  may  be  applied  to  rate  changes.  The  origin  of  these 
phenomena  is  to  be  sought  in  the  varying  rates  at  which  the  different  steps 
in  a  multienzyme  system  can  adapt  to  inhibition.  The  greater  the  complex- 
ity of  the  system,  the  more  oportunity  there  is  for  these  deviations.  Cyc- 
lic, regenerative,  and  feedback  systems  are  particidarly  prone  to  overshoot 
and  fluctuation.  Such  behavior  may  be  of  importance  not  only  in  kinetic 
measurements  of  inhibition  but  may  be  reflected  in  the  functional  response 
of  cells  and  tissues  to  an  inhibitor.  A  simple  specific  inhibition  may  thus 
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induce  a  complex  pattern  of  response  when  the  metabolic  system  involved 
is  composed  of  multiple  interdependent  reactions. 

Although  enzyme  systems  are  much  more  complex,  the  simple  formu- 
lation for  first-order  kinetics  (Denbigh  et  al.,  1948)  is  useful  in  expressing 
these  complex  changes  in  mathematical  form  After  perturbation  of  the 
system,  the  concentration  of  any  intermediate  may  be  written  as: 


(B)  =  (B)o  +  aie-^i'  +  a,e-'^^~'  +  ...  +  a„e- 


/inf 


(7-75) 


where  (B)o  is  the  initial  steady-state  concentration  The  constants,  /?i ...  /?„, 
depend  only  on  the  kinetic  parameters  of  the  enzymes  but  a^ ..  «„  may 
depend  in  addition  on  the  intermediate  concentration.  Each  exponential 
term  gives  the  effect  of  one  component  of  the  system  on  (B).  The  as  may 
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Fig.  7-41.  Illustration  of  overshoot  (curve 
A),  fluctuation  (curve  B),  and  false  start 
(curve  C)  following  inhibition  in  a  multi- 
enzyme  system.  (X)  represents  the  con- 
centration of  any  intermediate. 


be  either  positive  or  negative  depending  on  whether  the  effect  is  to  increase 
or  decrease  (B).  Various  combinations  of  values  of  the  as  and  /5's  will 
give  all  the  possible  types  of  overshoot,  false  start,  and  fluctuation.  When 
multienzyme  systems  are  more  rigorously  characterized,  the  evaluation 
of  these  parameters,  or  the  more  complex  ones  resulting  from  enzyme 
kinetics,  may  be  worthwhile  but  at  the  present  would  be  premature. 


TRANSITION  BETWEEN   STEADY   STATES  389 

Examples   of  Transition    between    Steady   States 

In  most  instances  it  is  difficult  to  determine  the  transition  time  or  the 
exact  pattern  of  change  with  time,  not  only  because  such  changes  are  often 
very  rapid,  but  also  due  to  the  fact  that  the  rate  at  which  the  inhibitor 
exerts  its  effect  is  generally  unknown.  If  the  inhibitor  acts  slowly,  due  to 
either  permeability  or  kinetic  factors,  the  meaning  of  transition  time  loses 
its  significance.  However,  there  are  in  the  literature  many  reports  of  the 
establishment  of  a  new  steady  state  that  is  certainly  slower  than  the  rate 
at  which  inhibition  is  induced,  although  exact  determinations  of  these 
rates  are  uncommon.  Perhaps  the  best  demonstration  of  the  time  variation 
in  intermediate  concentrations  is  provided  by  the  work  of  Chance  (Chance, 
1954;  Chance  and  Williams,  1956)  on  the  regenerative  type  electron-tran- 
sport systems,  where  the  state  of  the  electron  acceptors  fluctuates  charac- 
teristically following  inhibition.  It  is  probable  that  adaptive  phenomena  are 
often  examples  of  such  a  transition,  exiDressed  at  the  cellular  level  in  function- 
al or  growth  changes.  Hinshelwood  (1946)  has  interpreted  bacterial  adapta- 
tion to  inhibitors,  such  as  proflavine,  in  terms  of  steady-state  processes, 
wherein,  however,  the  concentrations  of  enzymes  may  also  change.  The 
best  examples  of  overshoot  are  not  from  inhibitor  studies  but  in  the  rapid 
changes  resulting  from  a  sudden  increase  in  pressure.  The  rate  of  beating 
of  frog  heart  cells  in  tissue  culture  (Landau  and  Marsland,  1952)  and  of 
Mytilus  gill  cilia  (Pease  and  Kitching,  1939)  is  increased  by  a  sudden  pres- 
sure rise  but  rapidly  returns  to  normal;  in  the  former  case,  pressures  of 
10,000  psi  can  be  achieved  in  steps  with  the  rate  returning  to  normal  in 
each  case,  and  this  can  best  be  understood  in  terms  of  transitions  between 
steady  states,  even  though  we  are  ignorant  of  the  fundamental  reactions 
that  are  involved.  A  similar  example,  more  directly  related  to  enzyme 
systems,  would  be  bioluminescence:  a  high  intensity  "flash"  is  caused  by 
a  sudden  rise  in  pressure  while  a  "black-out"  results  from  rapid  pressure 
release  (Fig.  7-42)  (Brown  et  al.,  1942).  There  is  a  need  for  a  more  quanti- 
tative kinetic  approach  to  the  responses  of  enzyme  systems  and  cells  to 
inhibitors  because  the  over-all  effects  of  inhibition  must  depend  in  many 
cases  on  the  rates  at  which  metabolic  activity  is  altered  and  new  steady 
states  reached.  A  common  example  of  metabolic  transition  is  the  Pasteur 
reaction  and  useful  information  as  to  the  exact  mechanism  might  be  pro- 
vided by  determinations  of  the  rates  at  which  glycolysis  changes  in  res- 
ponse to  pOa  alterations  or  the  action  of  cyanide.  Such  an  approach  has 
been  initiated  in  the  excellent  work  of  Lynen  (1958),  where  the  time  var- 
iation of  the  hexosephosphates,  adenine  nucleotides,  and  inorganic  phos- 
phate following  inhibition  by  cyanide  and  2,4-dinitrophenol  in  yeast  has 
been  determined  and  the  establishment  of  new  steady  states  demonstrated. 
The  oxygen  uptake  and  ATP  levels  of  Chlorella  vary  in  a  very  interesting 
fashion  when  glucose  is  suddenly  added  or  the  metabolic  conditions  are 
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changed  in  various  ways  (Syrett,  1958).  Similar  results  have  been  obtained 
in  yeast  (Holzer,  1958).  The  phenomenon  of  overshoot  is  clearly  seen  and 
in  all  cases  the  final  steady-state  rates  are  achieved  only  after  circuitous 
pathways.  Such  studies,  with  or  without  inhibitors,  are  frequently  val- 
uable in  determining  whether  certain  cellular  processes  are  related  or 
not;  much  more  can  be  found  out  about  this  from  the  variations  of  these 
parameters  with  time  than  from  the  final  levels  reached. 


20- 


INTENSITY 
OF 

LUMIN     0 


2Minutes 


TIME 


Fig.  7-42.  Example  of  transition  between  steady  states.  The  effects  of  sudden  high 
pressure  and  the  release  of  this  pressiu-e  on  bioluminescence.  A  "  flash  "  results  from 
an  increase  in  the  pressure  and  a  "  blackout  "  from  the  drop  in  the  pressure.  (From 

Brown  et  al.,   1942.) 


Metabolic  Transitions   within   Cells 

A  number  of  factors  may  influence  transition  rates  in  the  complex  sys- 
tem of  the  cell.  Some  of  these  will  be  mentioned  here  and  they  will  be  taken 
up  in  greater  detail  in  the  following  chapter.  We  have  assumed  that  the 
concentrations  of  the  various  enzymes  in  the  multienzyme  system  remain 
constant  in  the  treatment  above,  but  in  the  cell  this  is  not  necessarily  so, 
since  the  ability  of  the  enzyme-controlling  systems  to  adapt  to  changes  in 
substrate  concentration  is  well  known.  This  may  lead  to  very  long  tran- 
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sition  times  because  the  loss  or  synthesis  of  the  enzymes  is  usually  not  a 
rapid  process;  transition  times  of  several  hours  might  be  exijected  not  to 
be  uncommon. 

Another  important  factor  is  compartmentalization  of  all  or  parts  of  the 
multienzyme  system.  This  may  either  accelerate  or  slow  the  transition  be- 
tween steady  states  following  inhibition.  If  the  establishing  of  a  new  steady 
state  involves  only  the  simple  rise  or  fall  in  the  concentration  of  some 
intermediate,  this  will  proceed  much  more  rapidly  when  this  occurs  in  lo- 
calized regions  than  in  a  homogeneous  state.  On  the  other  hand,  when 
diffusion  is  an  important  factor,  especially  in  situations  where  membranes 
surround  the  compartments  [as  in  Figure  7-38  (III)],  the  rate  of  achieve- 
ment of  the  new  steady  state  may  be  impeded. 

Lastly,  a  wide  variety  of  secondary  reactions  and  effects  may  occur  in 
the  cell  that  will  modify  the  behavior  of  the  system  studied.  The  accumu- 
lation of  some  intermediate  may  exert  an  action  that  in  its  usual  low  con- 
concentration  is  negligible;  the  possible  effect  of  citrate  as  it  accumulates 
during  the  block  by  iiuoroacetate  might  be  cited.  The  disturbance  in  the 
metabolism  may  alter  the  pH,  either  locally  or  generally,  and  this  may 
exert  a  number  of  effects  on  the  rate  at  which  a  steady  state  can  be  reached. 
Structural  and  permeability  changes  may  further  influence  these  processes. 
It  is  only  to  emphasize  the  complexity  of  the  situation  that  these  factors 
are  mentioned.  One  must,  as  always,  exercise  great  caution  in  applying 
the  results  of  steady-state  studies  on  isolated  enzyme  systems  to  the  intact 
living  cell.  And  yet  it  is  necessary  to  surmount  the  difficulties  eventually 
because  the  rates  at  which  transitions  between  states  in  cells  occur  is  of 
primary  importance  in  the  metabolism  and  functioning  of  the  cell,  not  only 
in  inhibition  of  enzymes  but  in  the  resf)onses  of  the  cell  to  all  stimuli. 
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It  is  perhaps  pertinent  at  this  point  to  indicate  the  state  of  our  present 
knowledge  and  predict  some  of  the  ways  in  which  progress  in  this  field 
may  occur,  because  it  is  likely  that  biochemistry  now  is  itself  in  a  state  of 
transition  between  simple  enzyme  kinetics  and  the  application  of  this 
material  to  the  complex  metabolic  pathways  present  in  the  cell.  We  are, 
with  respect  to  multienzyme  systems,  in  a  period  that  would  be  compar- 
able to  the  earliest  phases  in  the  study  of  single  enzymes.  Advances  can  be 
made  by  the  simultaneous  development  of  equations  and  laws  to  express 
the  behavior  of  multienzyme  systems  and  by  quantitative  kinetic  investi- 
gation of  the  systems  experimentally,  both  isolated  and  in  the  cell.  Some 
may  even  object  to  the  relatively  simple  mathematical  treatment  given 
previously  in  this  chapter,  on  the  basis  that  our  knowledge  of  such  systems 
is  as  yet  too  inadequate,  but  it  is  only  uj)on  such  a  preliminary  approach 
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that  the  experimental  data  may  be  rationally  obtained.  Only  the  experi- 
mental resvdts  will  demonstrate  whether  the  treatment  is  correct  or  point 
out  the  modifications  that  must  be  made  in  it.  The  progress  made  in  single 
enzyme  kinetics,  where  theory  and  experiment  for  the  past  several  dec- 
ades have  gone  hand  in  hand,  will  be  duplicated  in  these  more  complex 
systems.  It  is  hoped  that  simple  mathematical  treatments  will  often  in- 
dicate what  crucial  experiments  are  to  be  done  and,  particularly,  what  is 
to  be  measured.  The  techniques  required  for  this  will  arise  in  response  to 
the  necessity  for  more  accurate  characterization  of  these  systems. 


CHAPTER   8 

DISTRIBUTION   AND   FATE  OF   INHIBITORS 
IN   LIVING  ORGANISMS 


The  subject  of  multienzyme  systems  leads  logically  to  the  problems 
of  inhibition  within  cells  and  whole  animals.  However,  the  action  of  an 
inhibitor  in  a  complex  living  system  depends  on  the  concentrations  of 
the  inhibitor  in  the  various  regions  in  which  the  susceptible  enzyme  is 
located.  The  present  chapter,  therefore,  will  discuss  briefly  the  distribu- 
tions of  inhibitors  within  living  organisms  and  the  ultimate  fate  of  these 
inhibitors  as  they  are  chemically  altered  or  excreted.  When  an  inhibitor 
is  introduced  into  -a  system  of  cells  (whether  a  multicellular  plant  or  ani- 
mal, isolated  organ,  tissue  slice,  or  cell  suspension),  the  inhibitor  concen- 
tration in  each  type  of  cell  and  in  each  region  within  the  cells  rises  and  falls 
with  characteristic  time  variations  that  are  best  expressed  by  a  family  of 
concentration-time  curves.  The  individual  curves  may  differ  in  several 
respects:  the  rate  of  rise  to  the  maximal  concentration  and  the  rate  of  loss 
of  the  inhibitor,  the  maximal  level  reached,  and  the  over-all  configuration 
of  the  curve.  The  primary  aim  will  be  to  present  some  of  the  factors  that 
determine  the  nature  of  such  curves. 

The  most  difficult  correlations  in  the  study  of  inhibition  are  those  one 
wishes  to  make  between  the  primary  action  of  an  inhibitor  on  an  enzyme 
and  the  effects  that  are  exerted  on  whole  animals  when  the  inhibitor  is 
introduced  into  the  systemic  circulation.  One  of  the  most  important  factors 
is  the  distribution  of  the  inhibitor  and  without  knowledge  of  this  an  accu- 
rate correlation  between  fundamental  and  final  actions  is  impossible.  It 
must  be  admitted  that  this  is  one  aspect  of  inhibition  which  has  not  been 
intensively  studied  and  unfortunately  in  most  instances  we  lack  quanti- 
tative information  on  the  behavior  of  inhibitors  in  organisms.  Nevertheless, 
an  appreciation  of  the  factors  that  are  involved  can  be  useful  and  may 
eventually  stimulate  accurate  experimental  investigation.  The  importance 
of  this  subject  becomes  greater  each  year  as  the  possibility  of  using  specific 
inhibitors  in  disease  becomes  more  evident.  The  specificity  of  action  on 
invasive  or  abnormal  cells  depends  on  the  characteristic  distribution  of 
the  inhibitor  as  well  as  the  specificity  of  the  primary  enzyme  attack. 
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DISTRIBUTION    OF    INHIBITORS    IN    ANIMALS 

The  relative  concentrations  of  inhibitor  in  the  various  tissues  depend 
on  several  factors  but  before  discussing  these  it  is  necessary  to  present 
some  examples  of  inhibitor  distribution  to  establish  clearly  the  fact  of 
differential  patterns  of  concentration.  The  many  recent  studies  of  drug 
distribution  in  the  body  have  demonstrated  (1)  that  drugs  are  essentially 
never  homogeneously  partitioned  between  the  body  tissues  and  (2)  that 
marked  differences  in  distribution  are  observed  for  drugs  of  different  types. 
These  two  basic  findings  undoubtedly  aj^ply  equally  to  inhibitors.  One 
must  always  anticipate,  in  the  absence  of  experimental  data,  that  an 
inhibitor  will  be  selectively  picked  up  by  certain  tissues  and  rejected  by 
others.  It  will  also  be  clear  that  prediction  of  the  distribution  of  an  in- 
hibitor must  be  highy  speculative  since  the  behavior  of  the  substance  in 
the  body  depends  strongly  on  the  physical  and  chemical  characteristics 
of  the  molecule.  We  know  virtually  nothing  of  the  distributions  of  the 
most  commonly  used  inhibitors  and  for  examples  in  this  chapter  it  will 
be  necessary  to  refer  to  results  on  drugs  whose  mechanism  of  action  is 
likely  to  be  enzyme  inhibition.  Table  8-1  shows  the  distribution  of  certain 
arbitrarily  chosen  substances  in  various  animals  in  both  absolute  amounts 
and  relative  to  the  concentrations  in  plasma.  Unfortunately,  all  the  inhi- 
bitors for  which  adequate  data  are  available  are  those  reacting  with  or 
bound  tightly  to  tissue,  and  thus  the  results  on  these  should  not  be 
taken  to  represent  inhibitors  in  general.  The  purpose  in  presenting  this 
table  is  to  illustrate  the  marked  differences  in  concentrations  in  the  various 
tissues  for  any  one  inhibitor  and  between  the  inhibitors  for  any  one  tissue; 
species  variation  is  demonstrated  in  the  results  with  Paludrine. 

The  methods  of  expressing  tissue  inhibitor  concentration  call  for  some 
comment  at  this  point.  In  Table  8-1  all  data  are  given  in  terms  of  wet 
weight  of  tissue  and  one  may  very  well  question  the  significance  of  the  ratios 
to  the  concentration  in  plasma  (which  is  about  8.7%  solids  compared  to 
18-25%  solids  in  most  tissues).  Especially  in  the  case  of  inhibitors  which 
react  with  or  are  bound  to  i^roteins,  the  expression  of  concentrations  in 
terms  of  dry  weight  may  well  be  preferable,  since  insignificant  amounts  of 
the  inhibitors  would  be  present  in  the  fluid  component.  In  this  case  the 
ratios  would  be  roughly  one-tenth  those  shown  in  the  table.  The  units  of 
concentration  chosen  should  depend  on  the  type  of  inhibitor  and  the  use  to 
which  the  values  are  put.  Ideally,  one  would  often  wish  to  know  the  actual 
concentration  of  inhibitor  acting  on  the  cellular  enzymes  during  the  devel- 
opment of  inhibition.  The  closest  approximation  to  this  might  be  analyses 
made  soon  after  application  of  the  inhibitor  and  the  expression  of  the  results 
in  terms  of  intracellular  water.  The  data  in  Table  8-1  show  differential 
uptake  but  actually  are  not  particularly  pertinent  to  the  subject  of  enzyme 
inhibition  for  at  least  two  reasons.  In  the  first  place,  over-all  tissue  con- 
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centrations  do  not  reflect  the  probably  marked  variations  in  concentra- 
tion between  different  cells  of  a  tissue  or  different  parts  of  a  cell;  in  other 
words,  the  concentration  of  inhibitor  in  the  enzyme  region  may  be  quite 
unrelated  to  the  results  of  gross  analysis.  In  the  second  place,  most  of 
the  inhibitor  present  after  long  exposures  is  not  combined  with  enyzme 
but  with  many  other  components  of  the  cells.  The  figures  are  really  not 
concentrations  in  the  sense  in  which  (I)  is  used  in  kinetic  equations.  The 
reason  a  high  tissue  uptake  of  an  inhibitor  occurs  may  be  unrelated  to  any 
enzymic  or  metabolic  factors;  cells  containing  much  high-sulf  hydryl  protein 
might  well  accumulate  inhibitors  such  as  arsenite  and  yet  the  concentration 
of  inhibitor  acting  on  a  particular  enzyme  would  be  the  same,  or  even  less, 
than  in  other  cells.  To  illustrate  this  in  another  way,  the  kidney /plasma  con- 
centration ratio  for  Hg^"^,  administered  to  rats  as  the  diuretic  chlor- 
merodrin,  increases  steadily:  53  at  1-2  hr,  351  at  3-6  hr,  470  at  12  hr,  and 
975  at  18-24  hr  (Giebisch  and  Dorman  1958).  This  does  not  imply  that  the 
concentration  of  mercurial,  active  against  enzymes,  has  risen  during  this 


Table  8-2 
Distribution  of  Enzyme  Inhibitors  in  the  Central  Nervous  System 


Region 

Isoniazid-C 

(counts/mg/ 

'14  (1 

min) 

Diamox-S35  >> 
(counts/mg/min) 

Concentration 
Relative  to 
Spinal  cord 

1  hr 

4  hr 

12  hr 

1  hr 

4hr 

12  hr 

Isoniazid 

Diamox 

Cerebral  cortex 

302 

193 

80 

75 

78 

29 

2.52 

2.27 

Cerebellar  cortex 

292 

183 

92 

48 

89 

34 

2.43 

1.46 

Hippocampus 

277 

208 

100 

60 

161 

57 

2.31 

1.82 

Hypothalamus 

251 

208 

88 

93 

234 

51 

2.09 

2.82 

Caudate  nucleus 

241 

147 

75 

64 

145 

66 

2.00 

1.94 

Thalamus 

240 

180 

90 

35 

81 

46 

2.00 

1.06 

Lateral  geniculate 

226 

96 

— 

27 

52 

33 

1.88 

0.81 

Inferior  colliculus 

188 

137 

66 

36 

80 

27 

1.56 

1.09 

Medulla 

155 

117 

69 

10 

56 

35 

1.29 

0.30 

Globus  pallidus 

156 

118 

64 

30 

50 

33 

1.30 

0.90 

Cerebral  white  matter 

153 

128 

58 

5 

45 

25 

1.27 

0.15 

Pyramids 

123 

90 

52 

35 

56 

24 

1.02 

1.06 

Spinal  cord 

120 

109 

50 

33 

60 

38 

1.00 

1.00 

°  Isoniazid-C^*:  intraperitoneal  injection  of  10  mg/kg  in  cats.  From  Barlow  et  al. 
(1957). 

*  Diamox-S'^  (acetazolamide):  intravenous  injection  of  150  mg/kg  in  cats.  From 
Roth  et  al.,  (1959).  When  the  region  borders  on  the  ventricles,  analyses  for  the  cen- 
tral portion  are  given  inasmuch  as  the  relatively  high  concentration  in  the  cerebro- 
spinal  fluid   introduces   inhibitor   into   the   ventricular   surfaces. 
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time.  The  changing  is  due  mainly  to  the  drop  in  plasma  mercurial  and  the 
minor  increase  in  tissue  mercurial  from  2  to  24  hr  is  certainly  not  indicative 
of  a  rising  concentration  of  free  mercurial.  The  data  do  show  that  renal 
tissue  does  accumulate  mercurial  well;  if  this  is  due  to  exposure  to  a  higher 
concentration  than  for  other  tissues,  it  may  be  indicative  of  a  higher  initial 
free  concentration  and  relatively  greater  enzymic  inhibition. 

A  more  detailed  pattern  of  inhibitor  distribution  has  been  established 
within  the  central  nervous  system  for  the  amine  oxidase  inhibitor,  isoniazid 
(Barlow,  et  al.,  1957),  and  the  carbonic  anhydrase  inhibitor,  acetazolamide 
(Roth,  et  al,  1959).  The  results  in  Table  8-2  show  that  the  distributions  for 
these  two  inhibitors  are  far  from  uniform  and  Fig.  8-1  demonstrates  the 
changes  in  distribution  with  time  for  acetazolamide.  Autoradiograms  of 
brain  sections  also  clearly  showed  the  unequal  patterns  of  distribution. 
Thus  even  within  a  single  type  of  tissue,  an  inhibitor  may  enter  certain  cells 
at  a  greater  rate,  and  it  is  likely  that,  if  smaller  region  could  be  analyzed, 


Fig.  8-1.  Concentrations  of  acetazolamide  (Diamox)  in  various  regions  of  the  cat 
brain  following  intravenous  injection  of  1.50  mg/kg.  R  is  the  ratio  of  the  concen- 
tration in  the  region  specified  to  the  concentration  in  the  spinal  cord.  (From  Roth 
et  al.,  1959.)  Curve  1:  hypothalamus;  curve  2:  hippocampus;  curve  3:  caudate  nu- 
cleus (ventral  surface);  curve  4:  cerebral  white  matter  (ventral  surface);  curve  5: 
cortex;  curve  6:  thalamus;  curve  7:  globus  pallidus;  curve  8:  medulla  (centrum); 
curve  9:  cerebrospinal  fluid. 
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greater  selectivity  could  be  demonstrated.  An  analysis  of  the  total  brain, 
as  is  often  made,  is  then  only  a  weighted  average  of  the  component  regions. 
The  distribution  of  acetazolamide  in  the  ocular  tissues  of  the  rabbit  may 
also  be  mentioned  (Ballintine  and  Maren,  1955).  After  10-20  mg/kg  of 
acetazolamide  were  given  intravenously,  the  concentrations  in  micrograms 
per  gram  of  tissue  or  fluid  from  20-120  min  were  roughly:  aqueous  humor, 
0.64;  lens,  0.73;  iris,  1.4;  ciliary  process,  4.1;  and  plasma,  13.4.  This  distribu- 
tion is  of  interest  in  understanding  the  mechanism  by  which  acetazolamide 
alters  the  formation  of  aqueous  humor  and  the  intraocular  pressure.  It  is 
now  necessary  to  discuss  some  of  the  factors  that  are  involved  in  producing 
the  inhomogeneous  patterns  of  distribution  described. 

Route  of  Administration  of  the  Inhibitor 

The  manner  in  which  the  inhibitor  is  introduced  into  the  animal  can  in- 
fluence the  distribution  in  three  ways.  An  inhibitor  cannot  be  simultane- 
ously presented  in  equal  concentration  to  all  the  cells  of  a  complex  animal 
but  enters  into  the  body  through  specific  channels.  This  may  simply  be 
called  the  spatial  factor.  When  an  inhibitor  is  given  intravenously,  it 
will  be  picked  up  by  the  cells  in  those  tissues  through  which  the  blood  flows 
and  thus  there  will  be  usually  a  progressive  decline  in  blood  concentration 
of  inhibitor  within  the  circulation.  In  some  cases,  the  inhibitor  may  be 
almost  completely  extracted  from  the  blood  stream  before  it  reaches  certain 
tissues.  Thus  the  initial  distribution  will  depend  on  the  site  of  injection 
and  the  rate  of  the  injection.  This  factor  has  been  taken  advantage  of  in 
the  use  of  certain  drugs,  where  an  action  limited  to  a  particular  tissue  is 
desired  (the  slow  injection  of  a  nitrogen  mustard  into  an  artery  supplying 
the  organ  containing  a  tumor  or  the  injection  of  vasodilators  into  the  limb 
arteries  in  peripheral  vascular  disease).  It  is  possible  that  such  a  technique 
might  often  be  useful  in  inhibitor  studies,  especially  combined  with  tempo- 
rary occlusion  of  the  vessels  through  which  the  blood  leaves  the  tissue. 
The  slow  injection  of  a  mercurial  into  one  renal  artery,  producing  diuresis 
only  in  that  kidney,  would  be  an  example  of  the  successful  use  of  this  tech- 
nique. Similar  concepts  apply  to  all  other  routes  of  administration,  with 
the  additional  factor  that  some  inhibitor  may  be  taken  up  before  it  enters 
into  the  circulation.  Intramuscular  or  subcutaneous  injection  often  leads 
to  marked  uptake  and  effects  locally,  while  oral  administration  can  lead  to 
high  concentrations  of  the  inhibitor  in  the  intestinal  wall.  An  inhibitor 
that  is  absorbed  from  the  intestine  passes  through  the  liver  immediately 
and  may  be  accumulated  there  initially,  either  to  affect  the  liver  or  to  be 
metabolized  by  the  multitudinous  hepatic  enzyme  systems. 

The  rates  at  which  inhibitors  enter  the  systemic  circulation  vary  with 
the  route  of  administration  and  the  distribution  may  depend  on  such  rates. 
This  may  be  called  the  temporal  factor.  If  an  inhibitor  is  suddenly  intro- 
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duced  into  the  circulation  by  intravenous  injection,  the  initial  distribution 
will  depend  in  part  on  the  blood  supply  to  the  tissues;  when  slow  absorption 
occurs,  there  may  be  time  for  other  factors  to  become  important.  This  is 
illustrated  best  by  a  drug,  such  as  thiopental,  which,  when  given  intrave- 
nously, is  present  in  the  brain  in  relatively  high  concentrations  so  that  anes- 
thesia is  produced,  but  which  is  slowly  redistributed  in  the  body,  as  the 
result  of  its  high  lipid  solubility,  the  brain  concentration  decreasing  with 
time.  A  very  slow  intravenous  administration  would  not  produce  the  char- 
acteristic initial  distribution  seen  on  more  rapid  injection  and  much  more 
would  have  to  be  present  in  the  body  to  achieve  a  comparable  central  de- 
pression. The  variations  in  time  of  the  tissue  concentrations  of  isoniazid  and 
acetazolamide  described  above  may  be  due  to  such  redistribution  factors. 

Finally,  the  distribution  of  an  inhibitor  may  depend  on  the  concentra- 
tion present  in  the  circulating  blood,  especially  in  situations  in  which  the 
inhibitor  is  producing  differential  effects  in  the  tissues.  This  may  be  termed 
the  concentration  factor.  The  plasma  concentration  of  inhibitor  will,  of 
course,  vary  with  the  route  of  administration.  This  factor  is  related  to  the 
effect  of  dosage  on  the  distribution. 

Dose  of  the   Inhibitor 

If  penetration  of  an  inhibitor  into  tissues  were  a  simple  matter  of  dif- 
fusion dependent  on  concentration  gradients,  one  might  expect  that  the 
distribution  pattern  would  not  vary  with  the  dosage  within  limits.  Although 
this  may  be  true  in  some  instances,  there  is  much  evidence  that  more  com- 
plex situations  are  common.  There  is  little  experimental  evidence  from 
inhibitors,  but  several  drug  studies  have  shown  that  changing  distribution 
occurs  with  increasing  dosage.  Analysis  of  the  data  from  studies  of  Paludrine 
( chlorguanide )  in  rat  tissues  (Schmidt  et  al.,  1947),  although  suffer- 
ing from  a  limited  number  of  animals,  shows  that  the  differences  between 
tissues  became  progressively  greater  as  the  dose  was  increased.  The  liver/ 
brain  ratio  rose  progressively  from  1.4  to  30  as  the  dose  was  increased  from 
11  to  91  mg/kg. 

The  fact  that  the  concentration  of  drug  or  inhibitor  in  a  tissue  is  not 
linearly  proportional  to  the  dose  also  indicates  complexities  in  the  be- 
havior of  these  substances  in  the  body.  When  acetazolamide  was  given 
orally  to  mice  and  the  concentrations  in  brain  determined  (Millichap  et  al., 
1955),  as  the  dose  was  increased  from  25  to  400  mg/kg,  the  concentration  in 
the  brain  rose  more  slowly,  so  that  on  the  average  for  every  doubling  of 
the  dose,  the  brain  concentration  increased  by  a  factor  of  1.21. 

The  reasons  for  these  deviations  are  to  be  found  in  the  saturation  of 
binding  sites  for  inhibitors,  the  different  rates  of  inactivation  or  chemi- 
cal modification  of  the  inhibitor  at  different  dosage  levels,  active  proc- 
esses in  inhibitor  uptake,  and  the  failure  of  the  concentration  of  free  drug 
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or  inhibitor  in  the  plasma  to  follow  the  dosage  linearly,  due  to  the  binding 
of  the  substance  by  the  plasma  proteins  or  the  erythrocytes.  Inhibitors 
may  be  bound  to  different  cell  components  with  varying  affinities;  at  low 
doses,  relatively  more  will  be  taken  up,  but  as  the  high-affinity  binding 
sites  disappear,  the  uptake  will  fall  off  as  the  dose  rises.  It  is  conceivable 
that  in  the  case  of  acetazolamide  above,  a  tissue  with  a  relatively  large 
amount  of  carbonic  anhydrase,  such  as  brain,  would  bind  a  large  frac- 
tion from  a  small  dose,  but  when  the  enzyme  molecules  have  become  satu- 
rated with  inhibitor,  any  further  increase  in  concentration  would  be  due 
to  nonspecific  binding  or  merely  the  inhibitor  in  solution. 


Vascularity  or  Blood  Supply  of  the  Tissues 

The  initial  distribution  of  an  injected  inhibitor  will  often  depend  pri- 
marily on  the  blood  flow  through  the  various  organs.  The  concentration 
of  the  inhibitor  in  the  tissue  is  related,  not  to  the  total  blood  supply,  but 
to  the  flow  volume  per  unit  weight  per  unit  time.  In  Table  8-3  the  blood 
flow  in  human  tissues  is  given  in  milliliters/ 100  gm  of  tissue/minute  and 
these  values  are  more  pertinent  than  the  total  flow  in  milliliters  per  minute. 
However,  the  total  amount  of  inhibitor  in  tlie  various  organs  is  related  to 
the  total  flow.  To  what  degree  this  initial  distribution  will  determine  even- 
tual distribution  will  depend  for  one  thing  on  the  affinity  of  the  inhibitor 
for  the  tissues.  An  inhibitor  with  little  affinity  will  rapidly  become  equili- 
brated throughout  the  body  and  the  final  distribution  may  bear  little  re- 
lationship to  the  relative  blood  flows,  whereas  an  inhibitor  reacting  rapidly 
and  strongly  with  the  tissue  components,  as  would  arsenicals  or  DFP,  will 
tend  to  remain  fixed  in  the  initial  pattern. 

The  fractionation  of  the  cardiac  output  between  several  organs  has  been 
determined  in  the  rat  by  intravenous  injections  of  K^-  and  analysis  of  the 
tissues  for  radioactivity  during  the  first  few  minutes  (Sapirstein,  1956). 
Immediately  following  injection  the  clearance  of  K^-  from  the  blood  is 
essentially  complete  and  during  the  first  minute  the  tissue  concentrations 
remain  constant,  following  which  the  K^^  may  leave  a  tissue  and  redistri- 
bution occur.  The  average  results  for  the  first  minute  in  terms  of  the  per 
cent  of  total  cardiac  output  are  given  in  the  tabulation. 


Organ 

0/ 

/o 

of 

cardiac 

output 

Blood  flow 
(ml/100  gm/min) 

Liver 

20.5 

Arterial 

6.5 

Portal 

14.0 

Kidnev 

19. .3 

470 

Heart 

2.6 

205 

Brain 

0.2.3 

10 

Skin 

6.3 
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These  results  are  of  interest  because  the  blood  flow  distribution  in  the  small- 
er animals  is  not  well  known.  However,  these  animals  were  anesthetized 
with  pentobarbital  and  the  blood  flow  through  some  of  the  tissues,  such  as 
the  brain  and  skin,  might  have  been  quite  diff"erent  from  the  normal  animal. 
Potassium  is  a  substance  which  diffuses  rapidly  from  the  vessels,  is 
negligibly  bound  to  plasma  proteins,  and  equilibrates  readily  with  the  intra- 
cellular compartment.  In  such  a  case,  removal  of  a  small  amount  of  a  sub- 
stance from  the  blood  may  be  essentially  complete  during  one  passage 
through  an  organ.  The  amount  of  substance  in  the  tissue  will  depend  only  on 
the  volume  of  blood  entering  it;  it  will  not  depend  on  the  rate  of  flow  or  the 


Table    8-3 
Composition  and  Blood  Flow  of  Tissues 


Organ  Weight  " 

Water 
content 

{%) 

Lipid 
content 

(%) 

Blood 

Flow  (1 

uman) 

Human 

Small 
animals 

%  of 
total 

ml/100 
gm/min 

ml/min 

%  of 
cardiac 
output 

Organ 

Kilo- 
grams 

%  of 
total 

Liver 

2.10 

3.2 

3.7 

71.9 

5.2 

66* 

1390 

26 

Kidneys 

0.32 

0.49 

0.77 

78.1 

3.3 

410 

1310 

25 

Spleen 

0.18 

0.28 

0.30 

78.0 

2.2 

58 

104 

2 

Intestine 

1.45 

•y  o 

7.6 

76.6 

5.4 

59 

850 

16 

Muscle 

29.8 

45.9 

41 

75.0 

3.6 

3 

894 

17 

Heart 

0.33 

0.51 

0.48 

78.4 

4.8 

92 

304 

6 

Brain 

1.41 

2.2 

0.76 

76.7 

13. 7<' 

54 

761 

15 

Spinal   cord 

0.16 

0.25 

0.3 

69.4 

18.0 

47 

75 

1 

Lungs 

1.10 

1.7 

0.83 

78.6 

2.6 

477 

5250 

- 

Skin 

4.20 

6.5 

9.5 

69.5 

1.4'' 

13 

545 

10 

Blood 

4.55 

6.9 

6.5 

83.3 

0.8 

— 

— 

— 

Serum 

2.75 

4.2 

— 

91.3 

1.0 

— 

— 

— 

Erythrocytes 

1.80 

2.7 

— 

66.0 

0.6 

— 

— 

— 

°-  Organ  weights  for  small  animals  averaged  from  cat,  rat,  dog,  guinea  pig,  and  rabbit. 
Water  content  averaged  from  man,  rat,  dog,  cat.  and  rabbit.  Lipid  content  averaged 
mainly  from  man,  rabbit,  and  rat.  These  values  have  been  collected  from  a  variety 
of  sources,  including  unpublished  data  from  Dr.  Alfin-Slater  (Dept.  of  Biochemistry, 
University  of  Southern  California)  and  our  laboratory.  There  is  remarkable  varia- 
tion in  data  reported  in  the  literature  and  the  above  values  are  to  be  taken  as  reason- 
able approximations   only. 

*  The  arterial  blood  flow  through  the  liver  is  about  one-third  the  total  flow  and  the 
portal  two-thirds. 

'^  Gray  matter  is  about  6.9°o  lipid  and  white  matter  20.3%. 

■*  This  value  is  for  dermis  and  does  not  include  the  more  lipid  subcutaneous  tissue. 


402  8.    INHIBITOR   DISTRIBUTION   IN   LIVING   ORGANISMS 

surface  area  of  the  capillaries.  However,  most  inhibitors  would  not  neces- 
sarily follow  this  simple  scheme  because  of  the  restriction  in  diffusion 
brought  about  by  the  binding  to  plasma  proteins  and  the  possibly  slow 
penetration  into  the  tissues.  In  this  case,  the  capillary  surface  within  a  tissue 
may  be  important,  the  rate  of  absorption  being  directly  proportional  to  the 
diffusion  surface.  If  it  is  assumed  that  the  capillaries  are  all  of  approxi- 
mately the  same  diameter,  the  volume  of  blood  flowing  through  a  tissue  in 
unit  time  will  be  proportional  to  the  number  of  capillaries  and  thus  the 
surface  for  diffusion.  Hence,  the  rate  of  absori^tion  of  an  inhibitor  and 
the  tissue  concentration  will  be  proportional  to  the  tissue  blood  flow. 
The  surface  for  diffusion,  however,  may  also  depend  on  the  length  of  the 
capillaries  in  a  tissue;  a  tissue  with  cax)illaries  twice  as  long  as  another 
tissue  might  pick  up  twice  as  much  of  an  inhibitor  in  unit  time  with  a 
comparable  blood  flow  through  each  tissue.  Finally,  it  must  be  remembered 
that  the  inhibitor  can  alter  the  blood  flow  by  a  dilating  or  constricting  ef- 
fect on  the  blood  vessels. 

The  fractionation  of  the  blood  flow  through  the  various  tissues  is  by  no 
means  constant  but  may  be  altered  markedly  by  a  number  of  factors.  The 
activity  of  a  tissue  is  perhaps  the  most  important  variable.  The  blood  flow 
through  skeletal  muscles  may  increase  as  much  as  fifteen-fold  during  intense 
activity  and  the  coronary  flow  increase  eight-fold  upon  stimulation  of  the 
heart.  The  blood  flow  through  the  central  nervous  system  also  depends  on 
the  state  of  functional  activity.  Anesthesia  will  alter  blood  flow  by  sev- 
eral mechanisms,  i)rincipally  by  elimination  of  the  normal  control  of  the 
vascular  tone.  The  skin  vessels  are  particularly  sensitive  to  nervous  con- 
trol and  environmental  temperature.  A  frightened  animal  will  have  a  differ- 
ent pattern  of  blood  flow  than  a  normal  animal  due  to  nervous  factors  and 
the  release  of  epinephrine. 

The  role  of  vascularity  in  the  distribution  of  isoniazid  in  the  central 
nervous  system  would  appear  to  be  of  some  importance,  since  there  is  a  pro- 
gressive decrease  in  vascularity  from  the  cerebral  cortex  (2.22)  to  the  glo- 
bus pallidus  (1.18)  (See  Table  8-2)  (Barlow  et  al,  1957).  However,  the 
hippocampus  was  unusual  in  that  it  showed  a  relatively  high  concentration 
of  the  inhibitor  and  yet  has  a  low  vascularity:  also  it  retained  the  isoniazid 
for  a  longer  time  than  the  other  tissues. 

Penetration  of  Inhibitors  into  Tissues 

An  inhibitor  may  enter  tissue  cells  either  by  simple  diffusion  or  by  an 
active  transport  process.  The  latter  is  uncommon  and  mainly  confined  to  the 
analogs  of  actively  transported  substrates  or  metabolites.  The  permeability 
properties  of  the  plasma  membrane  are  important  in  determining  the  de- 
gree of  inhibition  in  some  cases  but  usually  only  affect  the  rate  at  which 
inhibition  develops.  Malonate,  occurring  mainly  in  the  doubly-charged  ionic 
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form  at  physiological  pH's,  often  has  very  little  or  no  effect  on  the  metabo- 
lism or  function  of  intact  tissues  at  concentrations  capable  of  almost  com- 
plete inhibition  of  succinic  dehydrogenase  and  blocking  of  the  tricarboxylic 
acid  cycle.  Of  course,  the  various  tissues  may  differ  appreciably  in  their 
permeabilities  to  inhibitors,  and  it  is  this  that  may  be  a  factor  in  the 
distribution  of  inhibitors  in  the  body.  Unfortunately  very  few  adequate 
studies  have  been  made  on  the  permeabilities  of  different  cells  to  the  impor- 
tant enzyme  inhibitors.  There  is  general  opinion  that  certain  inhibitors 
penetrate  into  cells  rapidly  (cyanide,  carbon  monoxide,  dimercaprol,  DFP, 
bipyridine,  dinitrophenol),  some  moderately  well  (fluoroacetate,  idoacetate, 
fluoride,  arsenite),  and  some  poorly  [malonate,  parapyruvate,  ethylene- 
diaminetetraacetate  (EDTA)],  but  quantitative  data  are  lacking  and  our 
knowledge  of  differences  between  tissues  or  cells  is  meager.  Permeability, 
in  isolated  instances,  has  been  shown  to  be  a  primary  factor  in  inhibition. 
The  actions  of  organic  arsenicals  on  protozoa  depend  on  the  degree  of  pen- 
etration and  the  development  of  resistance  to  the  arsenicals  often  involves 
a  limitation  on  the  uptake  of  the  inhibitor.  The  problems  of  permeability 
will  be  discussed  wherever  possible  when  the  individual  inhibitors  are 
treated  in  later  chapters.  The  effects  of  pH  on  penetrability  into  cells  will 
be  discussed  in  Chapter  14. 

The  kidney  requires  special  consideration  because  the  tubular  cells  are 
not  only  in  contact  with  arterial  blood  but  also  with  the  progressively 
changing  glomerular  filtrate.  Unless  the  inhibitor  is  resorbed  as  rapidly 
as  water,  its  concentration  will  rise  in  the  tubular  fluid;  at  the  maximum 
it  is  possible  for  the  concentration  to  rise  approximately  a  hundred-fold 
over  the  plasma  value.  The  urinary  concentration  of  many  drugs  and  inhi- 
bitors is  constantly  higher  than  the  level  in  plasma.  Thus  one  side  of  the 
tubular  cell,  especially  in  the  distal  segment,  may  be  exposed  to  higher 
concentrations  of  inhibitor  than  any  other  tissue.  In  addition  to  this,  the 
large  amount  of  fluid  continually  passing  through  the  tubular  cells  may  carry 
with  it  the  inhibitor,  so  that  even  though  the  concentration  in  the  tubular 
fluid  does  not  rise,  the  cells  will  be  presented  with  much  more  inhibitor 
than  are  other  cells.  An  inhibitor  that  is  picked  up  readily  by  the  cells  will  be 
accumulated  there.  Many  inhibitors,  such  as  the  mercurials,  exert  their 
actions  primarily  on  the  kidney  and  their  concentration  there  is  undoubt- 
edly the  important  factor,  rather  than  any  special  sensibility  of  the  renal 
cells. 

There  has  been  much  discussion  of  penetration  into  the  central  nervous 
system  and  the  slow  rates  of  entry  often  observed  have  given  rise  to  the 
concept  of  the  blood-brain  barrier,  which  is  supposed  to  exist  at  or  near 
the  vascular  wall.  Since  the  brain  has  an  excellent  vascular  supply,  this 
hypothetical  barrier  must  be  very  impermeable  to  certain  substances  to 
limit  their  entry  into  the  brain  cells;  it  must  also  be  very  specific,  since  many 


404  8.   INHIBITOR   DISTEIBUTION   IN   LIVING   ORGANISMS 

compounds  enter  and  affect  the  brain  very  rapidly.  It  is  probable  that  some 
phenomena  attributed  to  the  blood-brain  barrier  are  the  result  of  other  fac- 
tors. For  example,  the  brain  is  a  tissue  with  a  relatively  small  extracellular 
free  fluid  space  and  the  nerve  cells  possess  membranes  specialized  for  the 
control  of  ionic  movements  and  the  conduction  of  impulses.  These  mem- 
branes exhibit  somewhat  unique  permeability  properties.  Furthermore,  the 
myelin  sheaths  can  also  impede  the  movement  of  small  molecules,  particu- 
larly when  they  are  charged.  This  combination  of  circumstances  makes  it 
difficult  for  some  substances  to  enter  the  brain  cells  in  appreciable  concentra- 
tion and  no  special  barrier  need  be  assumed.  There  is.  of  course,  a  "barrier" 
of  living  cells  between  the  blood  and  the  cerebrospinal  fluid,  so  that  charged 
drugs  and  inhibitors  usually  enter  this  space  slowly. 

Chemical  Composition  of  the  Tissues 

Tissues  vary  in  their  lipid  contents  (Table  8-3).  When  equilibrium  of  the 
inhibitor  in  the  body  has  been  reached,  a  lipid-soluble  inhibitor  will  be  found 
in  relatively  high  concentrations  in  the  lipid-rich  organs.  However,  this 
probably  has  little  bearing  on  the  inhibition  of  enzymes,  since  the  enzymes 
are  not  located  in  the  lipid  material.  Much  of  the  lipid  analyzed  in  tissues 
is  extracellular  and  if  pure  cells  could  be  worked  with,  it  would  be  likely 
that  little  difference  in  lipid  content  would  be  observed.  Of  course,  there  are 
cells  that  contain  many  fat  droplets  but  these  are  spatially  separated  from 
the  enzymically  active  regions.  The  distribution  coefficient  of  an  inhibitor 
between  lipid  and  water  may  be  of  importance  in  determining  the  total 
amount  of  inhibitor  in  a  tissue  but  is  probably  of  little  significance  in  enzyme 
inhibition.  As  mentioned  previously,  the  water  content  of  a  tissue  (Table 
8-3)  may  be  a  factor  in  the  tissue  concentration  of  an  inhibitor  if  the  inhibitor 
is  tightly  bound  to  proteins  or  other  cell  components.  Some  tissues  possess 
50%  more  solids  than  other  tissues  and  an  increased  concentration  of  the 
inhibitor  in  the  former  may  relate  to  this  rather  than  to  any  more  specific 
mechanism  of  uptake.  However,  the  water  content  is  of  no  importance  in 
enzyme  inhibition. 

Binding  of  the  Inhibitor  to  Plasma  Proteins 

Many  inhibitors,  just  as  drugs,  are  probably  bound  to  plasma  i)roteins 
with  varying  degrees  of  affinity.  This  effectively  reduces  the  concentration 
of  the  free  inhibitor  in  the  blood  and  thus  slows  down  penetration  into  the 
tissues  and  delays  excretion.  Such  binding  will  not  alter  the  distribution 
of  the  inhibitor  among  the  tissues  to  a  large  extent  because  only  the  availa- 
ble concentration  is  reduced.  But  it  may  alter  the  initial  distribution  in 
favor  of  an  equilibrium  distribution,  just  as  slow  absorption  into  the  blood 
stream  does.  Protein  binding  may  also  be  a  factor  in  deviating  the  relation 
between  the  tissue  concentration  and  the  dose  from  linearity. 
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Correlation  of  Enzyme  Inhibition  with  Tissue  Distribution 

In  some  cases  a  specific  effect  on  an  enzyme  in  a  particular  tissue  may 
be  correlated  with  a  high  concentration  of  the  inhibitor  in  that  tissue.  The 
inhibition  of  renal  succinic  dehydrogenase  by  mercurials,  without  alteration 
of  this  enzyme  in  other  tissues,  can  certainly  be  related  to  the  specific 
accumulation  of  mercurial  in  the  kidney  tubular  cells  (Handley  and  Lavik, 
1950).  When  chlormerodrin-Hg-°^  is  administered  to  rats  or  dogs,  the 
kidney /plasma  ratios  run  from  50-1300  while  in  all  other  tissties  examined 
the  tissue /plasma  ratio  is  less  than  unity  (Giebisch  and  Dorman,  1958). 
Indeed,  there  may  be  a  correlation  between  the  mercurial  concentration 
in  the  proximal  and  distal  segments,  and  the  degree  of  inhibition  of  succinic 
dehydrogenase  in  these  regions  (Cafruny  and  Farah,  1956;  Cafruny  et  al., 
1955). 

The  inhibition  of  cholinesterase  by  diisopropylfluorophosphate  in  various 
tissues  parallels  the  concentration  of  the  inhibitor  as  determined  by  P^^ 
analysis  (Jandorf  and  McNamara,  1950).  The  time  curve  for  the  inhibi- 
tion of  erythrocyte  cholinesterase  follows  closely  the  curve  for  P^^  concentra- 
tion over  3  weeks,  but  in  the  plasma  the  P^^  decreases  rapidly  although 
the  cholinesterase  remains  inhibited  for  some  time  (this  is  probalby  due 
to  the  very  small  amount  of  P^-  attached  to  plasma  cholinesterase,  the 
larger  nonbound  P^^  having  left  the  blood  rapidly).  A  similar  situation  has 
been  reported  for  the  inhibition  of  monoamine  oxidase  l)y  iproniazid  in 
rats  (Hess  et  al.,  1958).  The  inhibitor  enters  brain,  muscle,  and  liver  rapid- 
ly and  the  monoamine  oxidase  is  inhibited  completely  almost  at  once. 
However,  the  iproniazid  concentration  in  these  tissues  falls  off  rapidly 
(within  20  hr)  but  the  inhibition  persists  for  3  to  6  days  or  longer.  The 
results  for  liver  are  shown  in  Fig.  8-2.  The  explanations  suggested  were: 
(1)  the  enzyme  may  be  irreversibly  destroyed  by  the  inhibitor  and  activity 
does  not  return  until  new  enzyme  is  synthesized,  or  (2)  the  inhibitor  may 
be  irreversibly  incorporated  into  the  enzyme  (the  enzyme  concentration 
in  the  tissue  being  so  low  that  attached  inhibitor  would  not  be  detected), 
or  (3)  the  continuing  inhibition  may  be  due  to  some  degradation  product 
of  the  inhibitor.  For  iproniazid  the  explanation  is  not  known  but  DFP  is 
partially  incorporated  into  the  cholinesterase  molecule.  Reversible  mono- 
amine oxidase  inhibitors,  such  as  harmaline,  show  a  more  normal  behavior, 
in  that  enzyme  inhibition  ceases  with  the  disappearance  of  the  inhibitor 
from  the  tissue. 
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Certain  aspects  of  inhibitor  distribution  are  quite  similar  for  both  the 
higher  plants  and  animals  but  special  factors  of  importance  only  to  plants 
must  be  considered.  There  is  regrettably  little  information  from  analyses 
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of  inhibitors  in  plant  tissues  but  recently  much  work  has  been  done  on  the 
movements  and  distribution  of  herbicides,  such  as  2,4-dichlorophenoxy- 
acetate  (2,4-D),  in  the  higher  plants,  and  the  results  probably  are  often 
applicable  to  the  more  common  enzyme  inhibitors  when  they  are  applied  to 
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Fig.  8-2.  Tissue  concentration  of  iproniazid  and  the  inhibition  of  monoamine  oxi- 
dase following  intraperitoneal  injection  of  195  mg/kg  in  rats.  The  curves  are  for  the 
liver  but  brain  and  muscle  are  similar.  Curve  1:  tissue  concentration  (//g/gm);  curve  2: 
monoamine  oxidase  inhibition  (MAO).  (From  Hess  et  al.,  1958.) 

plants  in  the  same  ways  as  the  herbicides.  The  distribution,  as  in  animals, 
depends  on  the  manner  of  administration,  the  absorption  through  certain 
tissues,  and  the  circulation  within  the  plant. 


Route  of  Administration   of  the   Inhibitor 

There  are  two  general  ways  in  which  inhibitors  may  be  applied  to  intact 
plants:  in  the  soil  or  solution  for  uptake  by  the  roots  or  on  the  upper  leafy 
parts  of  the  plant.  In  either  case  the  inhibitor  may  spread  through  the  cir- 
culatory pathways  from  the  site  of  absorption.  The  factors  involved  in  pene- 
tration into  the  roots  are  little  known  but  the  process  may  well  be  complex 
since  active  transport  for  ions  is  well  established  and  the  flow  rate  of 
water  is  often  dependent  on  transijiration  conditions  in  the  leaves.  Inasmuch 
as  absorption  into  the  roots  depends  on  metabolic  energy,  an  inhibitor  can 
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immediately  and  directly  affect  its  own  absorption,  and  absorption  in  gener- 
al, as  soon  as  it  gains  access  to  the  root  cells.  If  inhibitor  distribution 
throughout  the  plant  is  desired,  the  concentration  of  the  inhibitor  sur- 
rounding the  roots  must  be  below  that  level  where  the  roots  are  damaged . 
To  gain  entrance  to  the  conducting  system,  the  inhibitor  must  pass  through 
at  least  two  plasma  membranes  and  it  is  likely  that  penetration  of  ionic 
inhibitors  will  be  relatively  slow  because  of  the  specialization  for  uptake 
of  certain  physiologically  important  ions. 

An  inhibitor  applied  to  the  surface  of  a  leaf  meets  with  four  possible 
barriers  before  entering  an  epidermal  cell.  From  the  cell  outwards  there 
is  the  plasma  membrane,  the  epidermal  cell  wall,  the  cuticular  layer,  and 
the  extruded  waxy  deposit  on  the  surface.  The  cell  wall  probably  seldom 
presents  any  barrier  to  diffusion  and  the  plasma  membrane  behaves  typi- 
cally and  shows  selective  permeabilities  just  as  in  animal  cells.  It  is  the  outer 
layers  which  present  some  unique  problems.  In  the  first  place,  penetration 
is  generally  not  through  the  stomata  because  of  capillary  forces  preventing 
access  of  the  solution;  if  surfactants  are  included  with  the  inhibitor,  stomatal 
penetration  is  possible.  This  is  quite  similar  to  absorption  of  substances 
through  the  hair  follicles  and  sebaceous  glands  of  the  skin.  The  waxy  material 
is  deposited  in  various  ways  characteristic  of  the  plant  and  presents  a  bar- 
rier to  diffusion  mainly  by  preventing  adequate  contact  between  the  surface 
and  aqueous  solutions.  The  wax  is,  however,  often  spongy  and  may  swell 
after  contact  with  water,  the  penetration  rate  of  a  dissolved  substance  in- 
creasing. The  herbicide  2,4-0  is  absorbed  very  slowly  from  ordinary  aqueous 
solutions  when  applied  to  leaves;  a  surfactant  increases  penetration  five- 
fifteenfold.  The  absorption  and  distribution  of  2,4-D  is  discussed  thor- 
oughly by  Loomis  (1955).  The  cuticle  is  composed  of  pectin  and  the  fatty 
material,  cutin,  in  various  proportions,  possibly  in  some  cases  associated 
with  cellulose.  The  permeability  properties  of  the  cuticle  are  poorly  under- 
stood and  its  role  in  inhibitor  penetration  can  only  be  surmised.  In  any  event, 
penetration  of  large  molecules  or  ionic  substances  into  epidermal  cells  is 
slow,  although  lipid-soluble  substances  may  enter  readily.  The  entrance  of 
2,4-D  into  phloem  tissue  occurs  at  a  rate  of  304  /^/hr  in  bean  leaves  but 
once  within  the  phloem,  transport  is  much  more  rapid  and  may  amount  to 
10-100  cm/hr  (Day,  1952). 

Translocation  of  Substances  in  Plants 

Many  substances  necessary  for  plant  growth  must  be  transported  be- 
tween tissues.  The  salts  and  nitrogenous  material  absorbed  by  the  roots 
must  be  transported  upwards  into  the  growing  regions  of  shoot  and  leaf, 
while  the  organic  substances  synthesized  in  the  leaves  are  transported  to  the 
roots.  It  is  probably  along  these  normal  pathways  of  movement  that  inhi- 
bitors are  transported.  The  excellent  reviews  of  translocation  processes  by 
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Crafts  (1951)  and  van  Overbeek  (1956)  are  recommended.  The  following 
is  a  cursory  discussion  of  those  aspects  of  absorption  and  translocation  per- 
tinent to  the  distribution  of  inhibitors;  the  attempt  has  been  made  to  in- 
corporate recent  work  with  radioactive  substances,  herbicides,  and  anti- 
biotics. 

The  upward  movement  of  an  inhibitor  that  is  absorbed  by  the  root  system 
would  occur  mainly  in  the  xylem  with  the  transpiration  stream.  The  xylem 
is  basically  dead  tissue,  the  unit  cell  being  the  long  hollow  tracheid,  com- 
munication between  adjacent  tracheids  being  made  through  perforations 
in  the  walls.  The  rise  of  fluid  is  due  mainly  to  the  loss  of  water  from  the  leaves 
by  transpiration  and  to  a  lesser  extent  to  root  pressure,  the  active  movement 
of  fluid  by  the  root  cells  (evident  in  the  flow  of  liquid  from  the  cut  surface 
of  a  stem).  The  rate  of  the  transpiration  stream  through  the  xylem  thus 
depends  on  many  factors,  both  in  leaves  and  roots;  some  of  these  proc- 
esses can  be  affected  by  inhibitors  as  they  move  through  the  plant.  A  sub- 
stance can  be  distributed  to  all  the  tissues  of  a  plant  by  this  means.  Thus 
when  P^2  is  applied  to  the  roots  in  the  form  of  inorganic  phosphate  it  is 
absorbed  and  moves  upward  rapidly,  being  found  in  the  growing  tips 
within  an  hour,  indicating  rates  of  50-100  em/hr  (Frazier  et  al.,  1956). 
As  pointed  out  many  years  ago  (Stout  and  Hoagland,  1939),  the  diffusion 
out  of  the  xylem  into  adjacent  living  tissue  is  very  rapid  during  transloca- 
tion of  phosphate.  Little  is  known  about  the  differential  uptake  by  the 
various  tissues  but  differences  do  occur  as  shown  in  radioautographs  of 
wheat  kernels  during  uptake  of  P^-.  Large  ionic  molecules,  such  as  penicillin 
and  streptomycin,  are  distributed  throughout  plants  much  more  slowly, 
due  probably  to  the  slow  uptake  by  the  roots,  although  it  has  been  postu- 
lated that  a  negative  charge  on  the  tracheid  walls  might  account  in  part 
for  the  very  slow  translocation  of  substances  such  as  streptomycin  and  Mn'^"^ 
(Pramer,  1954;  Single,  1958).  Within  19  hr  after  application  of  chloramphen- 
icol to  the  roots  of  bean  plants,  the  antibiotic  was  distributed  throughout 
the  plant,  but  it  required  several  days  for  the  distribution  to  become  uni- 
form, whereas  after  18  hr  in  streptomycin  there  was  antibiotic  only  in  the 
lower  parts  of  the  plant.  Lidication  that  uptake  by  roots  is  limiting  here 
was  shown  by  the  more  rapid  accumulation  of  these  antibiotics  in  shoots 
from  which  the  roots  had  been  cut  (Pramer,  1954). 

The  downward  movement  of  carbohydrates,  amino  acids,  auxins,  and 
herbicides  from  the  leaves  is  mainly  in  the  phloem  tissue  and  it  is  likely  that 
this  is  the  route  taken  after  application  of  inhil^itors.  This  type  of  translo- 
cation is  complex  because  phloem  is  a  living  tissue  and  movement  of  a 
substance  occurs  through  protoplasm;  indeed,  the  mechanisms  involved 
are  not  at  present  well  understood.  The  unit  cell  is  the  sieve  tube  and  the 
protoplasm  of  each  sieve  cell  is  in  contact  with  the  protoplasm  of  adjacent 
sieve  cells  through  the  perforations  in  the  walls.  It  is  not  known  if  the  pro- 
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toplasm  is  continuous  or  separated  by  plasma  membranes.  There  is  some 
evidence  that  both  situations  occur.  In  the  first  place,  the  movement  of 
many  substances  in  phloem  is  much  more  rapid  than  could  be  accounted 
for  by  simple  diffusion;  a  factor  of  40,000  may  be  observed  (Biddulph  and 
Cory,  1957).  If  many  membranes  had  to  be  passed,  it  is  evident  that  they 
could  not  possess  the  usual  permeability  properties  of  the  plasma  membrane; 
instead,  they  would  have  to  participate  actively  in  the  transport.  Further- 
more, various  substances  move  at  different  rates  indicating  that  neither  sim- 
ple diffusion  nor  mass  flow  of  fluid  is  the  primary  mechanism.  Metabolism 
is  necessary  for  normal  transport  through  the  phloem.  Part  of  this  energy 
may  be  utilized  for  protoplasmic  streaming  (cyclosis)  which  has  been 
thought  by  some  to  be  an  important  factor  in  accelerating  the  movement  of 
dissolved  substances:  however,  cyclosis  cannot  account  for  either  specificity 
of  transport  or  the  rapid  rates  observed.  Gross  movement  of  fluid  through 
phloem  can  occur,  perhaps  as  the  result  of  active  processes,  but  dissolved 
substances  usually  move  more  slowly  than  the  water,  as  in  a  chromatogram. 
The  observations  of  polarized  transport  (i.e.,  movement  of  a  substance  in 
one  direction  from  the  site  of  application)  would  imply  active  participation 
of  membranes.  Studies  with  fluorescein  have  demonstrated  the  complexity 
of  the  transport.  The  rates  of  movement  are  different  in  various  regions 
of  the  plant  and  the  polarity  may  also  differ;  for  example,  application  of 
the  dye  to  stems  results  in  upward  movement  into  leaves  or  fruits,  while 
application  to  a  basal  region  results  in  movement  downwards  into  the  roots 
(Crafts,  1951). 

Foliar  painting  or  spraying  of  a  substance  may  result  in  the  distribu- 
tion of  the  substance  throughout  the  plant.  This  may  be  seen  most  clearly 
with  dyes.  If  a  potato  plant  is  dug  up.  the  apex  of  a  leaf  excised,  and  the 
cut  surface  immediately  immersed  in  eosin  solution,  within  an  hour  all  the 
leaf  veins  are  stained  and  some  dye  has  penetrated  into  the  roots;  in  several 
hours  the  dye  has  entered  the  tuber  itself.  Similar  results  have  been  ob- 
tained with  P^2^  C^*-labeled  photosynthesates,  S^^,  tritiated  water,  and  some 
herbicides.  When  P^-  is  applied  to  a  single  unifoliate  leaf  of  a  bean  plant 
for  2  hr  and  the  plant  is  then  allowed  to  grow  for  a  week,  radioactivity  is 
demonstrated  throughout  the  plant  (Barrier  and  Loomis,  1957).  Many 
factors  have  been  shown  to  influence  absorption  and  translocation:  the  air 
humidity,  light  intensity,  age  of  the  leaf,  wetting  of  the  leaf,  and  whether 
absorption  is  from  upper  or  lower  surface  of  the  leaf  (Thorne,  1958).  The 
influence  of  light  on  translocation  may  be  through  the  sugars  produced, 
since  application  of  sugar  with  the  transportable  substance  will  usually 
allow  normal  translocation  to  occur.  The  application  of  C^^-a-methoxy- 
phenylacetate  to  leaves  led  to  diffusion  of  this  sul)stance  from  the  roots 
into  a  bathing  solution  within  5  hr:  this  increased  steadily  for  4  days  and 
then  declined  until  bv  the  tenth  day  exudation  was  negligible  (Linder,  etal., 
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1957).  It  is  interesting  that  reducing  the  oxygen  tension  of  the  roots  slowed 
down  the  loss  of  a-methoxyphenylacetate,  indicating  an  active  process  in 
the  movement.  The  translocation  of  the  herbicide  2,4-D  from  leaves  is 
also  dependent  on  either  photosynthesis  or  added  sugar.  Although  the  bear- 
ing of  these  results  on  inhibitor  translocation  may  be  tenuous,  the  author 
believes  that  similar  mechanisms  will  be  operative  and  identical  pathways 
demonstrable  when  experiments  with  inhibitors  are  done. 

There  is,  however,  one  complication  in  the  transport  of  inhibitors.  In 
phloem  tissue  the  inhibitor  may  depress  the  metabolic  components  of  the 
process  and  thereby  suppress  the  mechanism  for  its  own  movement  and 
dissemination.  Destruction  of  phloem  is  a  characteristic  result  of  the  appli- 
cation of  2,4-D  and  if  the  applied  concentration  is  too  high,  it  cannot  reach 
other  parts  of  the  plant  because  the  transport  system  is  inactivated.  If 
enzyme  inhibitors  are  to  be  distributed  throughout  a  plant  by  foliar  appli- 
cation, their  concentration  in  the  phloem  cells  must  be  below  the  level 
required  to  produce  appreciable  inhibition  of  exergonic  metabolism  or 
to   otherwise  interfere  with  the  translocation  mechanisms. 

It  is  likely  that  some  upward  transport  can  occur  in  the  phloem  and 
that  occasionally  downward  movement  may  be  observed  in  the  xylem.  The 
importance  of  the  various  conducting  systems  depends  on  the  type  of  plant, 
the  condition  of  the  plant,  the  substance  under  study,  and  the  region  of  the 
plant.  Circulation  of  a  substance  may  also  occur  in  the  following  way. 
The  material  passes  out  of  the  leaf  into  the  stem  phloem  and  as  it  descends 
it  diffuses  out  into  the  xylem  and  is  transported  upwards.  This  has  been 
shown  with  P^-  in  cotton  plants  (Biddulph  and  Markle,  1944).  Such  a  cir- 
culation ensures  more  rapid  and  complete  distribution  of  the  substance. 
For  our  present  purpose,  the  important  aspect  of  the  problem  is  that  the 
distribution  of  an  inhibitor  in  various  plant  tissues  depends  on  quite  com- 
plex mechanisms  of  transport,  processes  which  can  easily  be  aifected  by  the 
inhibitor.  The  amount  of  uptake  of  an  inhibitor  by  various  tissues  will 
vary,  just  as  in  animals,  with  the  concentrations  presented  to  the  tissues, 
and  this  will  depend  on  transport  pathways.  Accurate  analyses  of  inhibitors 
in  plant  tissues  are  much  needed  for  a  better  understanding  of  the  differ- 
ential effects  produced. 

DISTRIBUTION    OF   INHIBITORS  WITHIN    CELLS 

There  are  two  primary  problems:  the  total  concentration  of  the  inhibitor 
in  the  cell  relative  to  the  concentration  outside,  and  the  distribution  of 
the  intracellular  inhibitoi  between  the  various  structures  or  compartments 
making  up  the  cell.  One  would  particularly  like  to  know  in  any  case  the 
concentration  of  inhibitor  at  the  site  of  the  enzyme  it  is  acting  upon.  We 
have  seen  that  analyses  of  organs  for  inhibitors  are  not  always  reliable  as 
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an  indication  of  the  true  concentrations  in  the  enzyme  region;  the  same  sit- 
uation occurs,  of  course,  in  the  single  cell  because  it  is  unlikely  that  any 
substance  will  be  homogeneously  distributed  throughout  the  entire  cell. 

A  term  such  as  "intracellular  concentration"  of  an  inhibitor  is  usually 
glibly  used,  both  for  convenience  and  to  mask  out  ignorance  of  the  true  situ- 
ation, and  the  value  is  generally  arrived  at  by  analysis  of  a  group  of  cells. 
One  may  often  ask,  "concentration  in  what?"  The  most  common  way  of 
expressing  such  concentrations  is  in  milligrams  per  gram  or  similar  weight 
of  inhibitor  per  weight  of  cell  units.  This  provides  very  little  information 
on  the  concentration  in  intracellular  water.  It  is  easy  to  correct  for  the  solid 
content  of  the  cells  but  one  cannot  assume  that  all  the  inhibitor  is  free 
in  solution.  It  is  clear  that  the  concentration  of  the  inhibitor  in  solution 
may  be  negligible  when  the  total  amount  in  the  cell  is  large.  Plant  cells  pro- 
vide a  further  complication  because  of  the  presence  of  a  large  vacuole.  Since 
the  vacuole  can  occupy  80-90%  of  the  cell  volume,  analysis  of  a  plant  cell 
for  inhibitor  could  give  very  erroneous  ideas  of  the  concentration  in  the 
protoplasm  if  the  vacuole  either  accumulates  or  excludes  the  inhibitor. 
Ideally,  there  should  be  another  word  to  designate  the  total  amount  of  a 
substance  in  a  cell,  irrespective  of  the  location  or  state  of  the  substance. 
Instead,  we  shall,  where  necessary,  designate  by  the  term  effective  concentra- 
tion the  true  concentration  of  a  substance  in  solution  in  the  region  where 
it  is  exerting  its  effect.  It  is  the  effective  concentration  of  an  inhibitor  we 
should  know  but  which  is  not  usually  provided  by  gross  analyses.  Very 
often  the  variation  of  effective  concentration  with  time  will  be  in  the  oppo- 
site direction  to  that  of  the  over-all  concentration. 

The  ratio  of  the  effective  concentration  of  an  inhibitor  in  a  cell  to  the 
concentration  outside  may  not  be  unity.  Deviations  from  unity  have  usually 
been  discussed  relative  to  permeability.  However,  there  are  several  other 
factors  that  may  play  a  role  and  these  will  be  mentioned  only  briefly  because 
there  is  little  experimental  evidence  directly  bearing  on  inhibitors.  If  the 
inhibitor  is  an  ion,  its  penetration  into  a  cell  implies  either  the  entrance 
of  an  oppositely  charged  ion  or  the  exchange  for  a  similarly  charged  intra- 
cellular ion.  Anions  particularly  are  distributed  extracellularly  for  the 
most  part.  It  is  likely  that  fluoride  would  behave  similarly  to  chloride  and 
bromide,  that  is  that  it  would  be  mainly  excluded  from  cells  because  of 
the  stable  anion  content  of  the  cells.  There  may  also  be  reactions  within 
the  cell  by  which  the  effective  concentration  of  inhibitor  is  reduced;  these 
could  be  metabolic  degradation,  binding  to  nonenzymic  cell  components 
or  entry  into  cell  material  in  which  the  inhibitor  is  soluble.  In  such  cases, 
the  effective  concentration  may  be  determined  by  the  balance  between  rates 
of  entry  and  disappearance,  at  least  over  a  particular  time  interval.  The 
possibility  of  active  transport  of  the  inhibitor  into  the  cell  in  some  cases 
cannot  be  neglected.  Lastly,  the  effective  concentration  in  the  cell  is  not 
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necessarly  linearly  proportional  to  the  outside  concentration  and  this 
factor  often  makes  impossible  a  quantitative  kinetic  treatment  of  inhibition 
in  living  material. 

The  distribution  of  inhibitors  within  cells  is  as  yet  an  almost  totally  un- 
explored field.  In  the  previous  chapter  some  consideration  was  given  to 
the  problems  of  compartmentalization  of  enzyme  systems.  In  such  systems 
the  possibilities  for  inhomogeneous  inhibitor  distribution  must  also  be 
present.  There  are  more  types  of  membrane  in  the  cell  than  classically  con- 
ceived but  as  to  how  far  these  membranes  impede  the  diffusion  of  inhibitors 
there  is  no  information.  It  would  appear  that  mitochondrial  membranes 
are  more  generally  permeable  than  plasma  membranes;  at  least  isolated 
mitochondria  are  more  readily  susceptible  to  inhibitors  such  as  malonate 
than  intact  cells  and  it  is  likely  that  large  molecules,  e.g.,  diphosphopyridine 
nucleotide  (DPN)  and  ATP,  can  penetrate  into  mitochondria.  Whether  mito- 
chondria within  the  living  cell  are  so  readily  permeable  is  not  known.  Lack- 
ing evidence  one  way  or  the  other,  one  would  expect  the  endoplasmic  reti- 
cular membranes  not  to  present  serious  barriers  to  the  diffusion  of  low 
molecular  weight  substances,  although  one  must  admit  the  possibility  in 
some  cells  of  a  relatively  extensive  "extracellular"  space  invaginated 
within  the  cell.  At  present,  it  must  be  concluded  that  the  most  important 
hindrance  to  the  diffusion  of  inhibitors  into  the  cell,  or  through  the  cell, 
is  the  outer  plasma  membrane.  When  inhibitors  are  unevenly  distributed 
within  cells,  it  is  more  likely  that  binding  and  solubility  factors  are  opera- 
tive. Some  studies  recently  have  attempted  to  demonstrate  inhomogenous 
distribution  of  drugs  within  cells,  although  such  work  is  subject  to  great 
technical  difficulties.  Interesting  results  were  obtained  with  quinacrine 
by  analysis  of  liver  cell  fractions  (Reiner  and  Gellhorn,  1956).  Equilibration 
of  quinacrine  with  isolated  nuclei  resulted  in  a  concentration  ratio  of  200 
in  favour  of  the  nuclei  and  it  is  reasonable  that  the  quinacrine  was  exten- 
sively bound  to  nucleic  acids.  When  the  quinacrine  was  administered 
by  various  routes  to  mice  at  different  dosage  levels,  the  distribution  between 
nuclei,  mitochondria,  and  cytoplasmic  supernate  was  quite  variable  and 
indicative  of  relatively  nonspecific  binding.  The  binding  could  not  be  attrib- 
uted to  deoxyribonucleic  acid  (DNA)  entirely  nor  to  any  one  protein.  How- 
ever, these  results,  although  of  importance  in  understanding  the  meaning 
of  cell  analyses,  probably  have  very  little  relevance  to  the  metabolic  dis- 
turbance induced  by  quinacrine,  since  all  that  could  be  measured  was 
quinacrine  bound  to  mainly  nonenzymic  material.  Since  quinacrine  is 
bound  quite  avidly  by  cell  components,  one  can  only  conclude  that  the  con- 
centration of  free  quinacrine  in  solution  must  have  been  quite  low,  since 
saturation  of  binding  sites  was  not  reached. 
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Following  administration  of  an  inhibitor,  and  either  during  or  after  its 
distribution  throughout  the  body,  there  is  disappearance  of  the  inhibitor. 
This  may  take  ])lace  ])y  a  metabolic  degradation  or  inactivation  of  the  inhibi- 
tor, or  by  excretion  from  the  body,  or  by  both.  The  curve  representing  the 
variation  in  inhibitor  concentration  with  time  in  a  tissue  will  rise  to  a 
maximal  value,  at  a  rate  depending  on  the  factors  previously  discussed,  and 
will  then  fall  according  to  principles  to  be  considered  in  this  section.  Some 
inhibitors  that  are  tightly  bound  to  the  tissues  will  remain  in  the  body 
for  many  days  or  weeks  and  it  may  be  that  the  rate  of  removal  from  the 
body  is  dependent  on  the  rate  of  dissociation,  rather  than  on  processes  of 
destruction  or  excretion. 

Variation   of  Intracellular   Inhibitor    Concentration    with   Time:    Sinnplified 

System 

The  usual  representation  of  tlie  fate  of  a  substance  in  the  body  is: 

I„-^I,^X  (8-1) 

where  I,  is  the  inhibitor  outside  the  region  considered,  I,,  is  the  inhibitor 
inside  this  region,  and  X  is  either  a  metabolic  product  or  represents  the 
excretion  of  the  inhibitor  from  this  region.  This  system  implies  a  one-way 
passage  of  inhibitor  into  the  region  and  its  application  would  be  limited 
to  certain  cases  where  loss  from  the  region  by  this  route  is  negligible. 
There  are  two  situations  to  be  considered:  either  (I^)  remains  constant  or 
it  decreases  as  the  inhibitor  is  taken  up.  The  outside  concentration  of  the 
inhibitor  may  be  considered  practically  constant  over  an  interval  when 
the  amount  of  uptake  is  negligible  compared  to  the  supply.  Tissue  slices 
or  cell  suspensions  in  large  volumes  of  medium  or  with  relatively  high  con- 
centrations of  inhibitor  might  be  examjiles.  Also,  constant  intravenous  in- 
fusion can  maintain  the  concentration  in  the  plasma  constant,  the  plasma  in 
this  case  being  the  outside  phase  relative  to  the  tissue.  Where  (Ig)  remains 
constant,  the  differential  equation: 

'^^^'^    =  A-i(I„)  -  l;{l,)  (8-2) 


(It 

may  be  directly  integrated  to  give  the  internal  inhibitor  concentration  at 
any  time: 

(I,)  =  do)    ,    ^\     [1  -  e-<'^i+^2"l  (8-3) 

ki  +  A-2 

Equilibrium  will  be  reached  theoretically  when  (IJ  =  k-^  (Io)/(^i  +  ^^2)  since 


414  8.   INHIBITOR   DISTRIBUTION   IN  LIVING   ORGANISMS 

the  exponential  factor  will  disapper  at  large  values  of  t.  When  (I^)  does 
not  remain  constant,  integration  of  d  (i^jdt  =  —  k^  (I^)  gives: 

(IJ  =  (IJo  e-*i'  (8-4) 

where  (Io)o  is  the  initial  external  concentration.  For  very  approximate 
results,  this  value  may  be  substitued  in  Eq.  8-3.  Such  expression  have  been 
applied  to  drugs  but  they  are  too  inaccurate  for  further  consideration  and 
it  is  necessary  to  turn  to  a  more  realistic  system. 

Variation   of  Intracellular   Inhibitor   Concentration   with    Time:    Complete 

System 

In  most  cases  of  interest,  the  entrance  of  the  inhibitor  into  the  region 
of  interest  is  reversible  and  the  external  inhibitor  concentration  is  not 
constant. 

I<,^I,^X  (8-5) 

The  differential  equations  for  this  situation  are: 
ddo) 


dt 

dih) 
dt 


=  k_Ah)  -  kAlo)  (8-6) 

=  kAlo)  -  krih)  -  k.iU  (8-7) 


These  simultaneous  equations  may  be  solved  to  give  both  external  and  in- 
ternal inhibitor  concentrations  at  any  time. 

Ho)  =  (Io)o        ^    ,   [{k^  +  «)e^'  -  {k,  +  li)e-*]  (8-8) 

a  —  p 

(I.)  =  (Uo  -^^  [e^'  -  e^q  (8-9) 

a  —  p 

where  (Io)q  is  the  initial  concentration  of  external  inhibitor  and  a  and  /3 
have  the  values: 

a  =  1/2  [-  (2^1  +  k,)  -  V  ik\  +  k\]  (8-10) 

/S  =  1/2  [  -  m.  +  k^)  +  V  4^;  +  k^  (8-11) 

It  has  been  assumed  here  that  A;_i  =  ^'^  since  in  most  instances  the  entrance 
of  an  inhibitor  into  a  cell  is  a  diffusion  process  with  equivalent  rates  in 
each  direction. 
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The  derivation  of  the  equations  above  may  be  briefly  indicated.  Equa- 
tions 8-6  and  8-7  may  be  written  in  operational  form: 

{D  +  k,)ao)  =  hih) 

{D  +  k,+  k,){h)  =  kAlo) 
and  solved  to  give: 

[D'  +  {2k,  +  k,)D  +  k,k,]{li)  =  0 

from  which  the  values  of  u  and  /?  can  be  determined  for  the  general  solution: 

(IJ  =  C,e'  +  C,e'^' 
(I.)  =  Cge"'  +  ^e^* 

The  constants  C^  ...  C4  may  be  related  by  differentiating  these  expressions 
and  substituting  back  in  Eq.  8-6  or  8-7,  and  may  finally  be  evaluated 
by  imposing  the  conditions  when  ^  =  0,  where  (IJ  =  (Io)o  and  (I,)  =  0. 
The  behavior  of  this  system  may  be  illustrated  for  the  special  case 
in  which  the  rate  of  entrance  is  equal  to  the  rate  of  disappearance  of  the  in- 
hibitor (k^  —  k^.  Equations  8-8  and  8-9  are  plotted- in  Fig.  8-3,  from 
which  it  may  be  seen  that  as  (Iq)  falls,  (I,)  rises  in  the  cell,  reaches  a  max- 
imum and  then  decreases,  as  expected.  The  inhibition  exerted  on  a  hypo- 
thetical enzyme  in  the  cell  is  also  shown  in  the  figure,  assuming  the  inhi- 
bition to  be  rapidly  reversible.  In  most  cases  when  inhibitors  are  adminis- 
tered to  animals,  the  enzyme  inhibitions  in  the  various  tissues  will  rise 
and  fall  in  some  such  manner.  The  deviations  observed  when  k^  does  not 
equal  k^  are  shown  in  Fig.  8-4.  The  maximal  (I,)  reached  depends  on  the 
relative  values  of  k-^  and  k<£,  the  greater  k^^  is  relative  to  k.^,  the  higher  will 
be  (Xi)jnax-  The  maximal  level  of  (I,)  and  the  time  required  to  reach  this  may 
be  obtained  by  differentiation  of  Eq.  8-9  and  setting  it  equal  to  zero; 
for  the  special  case  when  k-^  =  k^. 

(I,)™„,  =  0.275(I,)o  (8-12) 

Ux  =  0.861 /^^ 

where  A-  =  k^  =  k^. 

It  has  been  assumed  that  disappearance  of  the  inhibitor  in  the  cell  is 
first-order.  If  the  inactivation  is  enzymic,  it  may  be  necessary  to  modify 
the  treatment  by  introduction  of  the  appropriate  rate  expressions  in  Eq. 
8-6  and  8-7.  The  difference  in  rates  of  disappearance  for  the  two  types  of 
reaction  is  shown  in  Fig.  8-5;  the  enzymic  reaction  is  initially  slower  and 
eventually  faster  than  the  first-order  reaction,  when  the  over-all  rates 
of  the  two  are  comparable.  However,  the  modification  of  the  above  treat- 
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ment  due  to  an  enzymic  reaction  would  be  relatively  slight  unless  (I,)  at- 
tained near-saturating  concentrations,  which  must  be  uncommon.  The 
curve  for  an  enzymic  reaction  was  obtained  by  integration  of  the  Michaehs- 
Menten  equation,  from  which: 


[(Do  -  (I)]  -  2.3^„,  log  (I)/(I)o  =  VJ 


(8-13) 


TIME 


Fig.  8-3.  Variation  of  intracellular  inhibitor  concentration  and  inhibition  with  time 
(Eq.  8-5).  It  is  assumed  that  k^  =  A_i  =  A'a-  Equations  8-8  and  8-9  then  take  the 
following  forms  when  {1^)^  =  10  m3I  and  the  k's  are  unity: 

(IJ  =  7.24  (0..382e-2-6i8«  +  e-o.382<) 
(I,)  =  4.47  (e-o-382i  _  e-2.6i8() 
The  inhibition  is  assumed  to  be  noncompetitive  with  K^  —  2  mM. 


A  situation  of  even  more  common  occurrence  in  the  administration  of 
inhibitors  to  animals  may  be  represented  as: 


L 


^•i 


I, 


X 


(8-14) 


where  Y  designates  excretion  from  the  blood  stream  through  the  kidney:  the 
inhibitor  introduced  into  the  circulation  can  thus  either  enter  the  tissues 
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and  be  inactivated  or  be  lost  by  renal  excretion,  both  usually  occurring 
simultaneously.  The  equations  are  similar  to  those  for  the  simpler  case: 

(I.)  =  (IJo  ^^^7^  [(^1  +  -^0  +  cc)e'^'  -  (A-:  +  h  +  i5)e«']  (8-15) 


(I.)   =  (Io)o 


A-, 


«   -  /3 


|-ga<  _  g^ij 


(8-16) 


TIME - 

Fig.  8-4.  Variation  of  intracellular  inhibitor  concentration  with  time  for  diiJerent 

values  of  the  rate  constants.  (I^,),,  =  10  niM.  Curve  1:  k^  =  1,  l\  =  1;  curve  2:  l\  =  3, 

Z;2  =  1;  curve  3:  ^'i  =  1,  ^'2  =  3;  curve  4:  Ai  =  3.  ^2  =  '^• 

where  the  constants  have  the  following  values: 

a  =  1/2  [-  (•2A-,  +  k,  +  h)  -  V  U;  +  k;  +  kl  -  2hh]  (8-17) 

iS  =  1/2  [-  Clk,  +  k,  +  k,)  +  ^/Ul  +kl  +  kl  -  2U2]  (8-18) 

It  may  be  seen  by  inspection  of  these  equations  that  (I,)  will  reach  lower 
values  than  in  circumstances  where  no  excretion  occurs  and  that  its  rate  of 
decrease  will  be  greater.  If,  in  these  equations,  A^g  is  set  equal  to  zero, 
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the  situation  represented  will  be  that  in  which  no  inactivation  of  the  inhibi- 
tor occurs  in  the  tissues  and  only  excretion  is  responsible  for  loss  of  the 
inhibitor.  The  effects  of  excretion  on  the  intracellular  inhibitor  concen- 
tration are  shown  in  Fig.  8-6;  as  the  excretion  becomes  relatively  larger, 
the  maximal  intracellular  level  reached  is  less,  although  the  early  rate  of 
entry  into  the  cells  is  approximately  the  same  in  each  case.  The  marked 
influence  such  excretion  may  have  on  the  degree  of  inhibition  i^roduced  is 
evident. 


TIME 


Fig.  8-5.  Comparison  of  the  rates  of  disappearance  of  an  inhibitor  being  destroyed 
enzymically  and  by  a  first-order  reaction.  Curve  1:  enzymic  (Eq.  8-13),  (I(,)o  =  10 
niilf  and  F,„  =  100;  (A),  K^  =  5  mM;  (B),  K^  =  10  mM.  Curve  2:  nonenzymic 

(Eq.  8-4);   yt^  =  10. 


It  is  scarcely  necessary  to  point  out  that  there  are  several  factors  which 
may  modify  this  idealized  behavior.  The  rate  of  entry  of  the  inhibitor 
into  the  cell  may  not  be  linearly  proportional  to  the  external  concentration 
throughout  the  experimental  range;  cells  may  become  saturated  with  inhi- 
bitor or  active  membrane  processes  may  occur.  Likewise,  the  excretion  may 
not  be  proportional  to  (I^),  especially  if  tubular  secretion  or  resorption  of  the 
inhibitor  takes  place.  The  binding  or  trapping  of  inhibitor  within  the  tis- 
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sues  will  delay  the  eventual  inactivation  or  excretion.  Finally,  the  enzyme 
inhibition  itself  need  not  follow  the  level  of  (I,),  since  the  rate  of  combi- 
nation of  the  inhibitor  with  the  enzyme  may  be  slow  or  the  reversi- 
bility of  the  inhibition  may  be  the  limiting  factor.  However,  these  and 
other  factors,  when  known,  can  be  superimposed  on  the  basic  behavior  ex- 
pressed by  the  equations  derived  here.  The  important  concepts  to  be  gain- 
ed by  a  study  of  these  equations  relate  to  the  dependence  of  intracellular 
inhibitor  concentration  on  the  relative  rates  of  the  fundamental  processes 


TIME — ^ 

Fig.  8-6.  Variation  of  intracellular  inhibitor  concentration  with  time  in  an  organ- 
ism in  which  the  inhibitor  is  excreted  as  well  as  destroyed  in  the  tissues.  (Io)o  =  10 
mM  and  k^  =  k^  =  I.  Curve  1:  no  excretion  (Eq.  8-9);  curve  2:  excretion  with 
k„  =  1  (Eq.  8-16);  curve  3:  excretion  with  k^  =  3  (Eq.  8-16). 


that  are  involved,  namely  the  rate  of  uptake,  the  rate  of  inactivation,  and 
the  rate  of  excretion. 

If  the  inhibitor  is  metabolized  to  another  compound  in  the  body  and 
both  the  inhibitor  and  its  metabolic  product  are  excreted  from  the  body, 
the  concentration  of  each  is  determined  by  the  rate  constants  of  the  meta- 
bolic process  and  the  excretion.  This  problem  was  treated  by  Nelson  and 
0'  Reilly  (1960)  and  applied  to  the  behavior  of  sulfisoxazole  in  the  human. 
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This  drug  is  acetylated  in  the  tissues  and  both  forms  are  excreted  through 
the  kidneys.  This  situation  may  be  represented  as: 


L 


I. 


(8-19) 


where  Ij  is  the  inhibitor  within  the  body,  I^  is  the  excreted  inhibitor,  I,„ 
is  the  metaboHc  product,  and  !„;<,  is  tlie  excreted  metaboKc  product.  It  may 
be  pointed  out  that  either  I,  or  I,„  may  be  the  active  inhibitory  form,  or 
that  both  may  participate  in  the  inhibition  to  varying  extents.  The  follow- 
ing differential  equations  may  be  written: 
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dt 
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(8-20) 
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(8-23) 


If  we  set  ki  -\-  k^  =  k  (representing  the  over-all  rate  of  removal  of  the  inhi- 
bitor from  the  body)  and  let  /  be  the  fraction  of  the  inhibitor  that  is  ex- 
creted unchanged: 


dt 

djle 

dt 


=  -  A'(I,) 
^fkih) 


(8-24) 


(8-25) 


Expressions  for  the  concentrations  of  the  forms  of  the  inhibitor  and  the 
amounts  excreted  may  be  obtained  by  integration  and  combination  of 
these  equations. 


(I,)  =  axe-''' 

(U  =/(I,)o[l  -e~^'] 
kAlX 


(IJ 
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where  (I^Oq  and  (I„;)o  are  the  initial  concentrations  of  inhibitor  and  its 
metabolic  product  in  the  body.  The  curves  derived  from  these  equations  fit 
quite  accurately  the  experimental  data  and  the  various  rate  constants  were 
calculated  for  sulfisoxazole.  Although  there  are  many  factors  that  may 
modify  these  simple  relationships,  such  an  approach  is  valuable  in  provid- 
ing a  base  from  which  more  complex  behavior  may  be  derived. 


REPEATED   ADMINISTRATION    OF  AN    INHIBITOR 

Occasionally  it  is  important  to  know  the  inhibitor  concentration  in  the 
animal  body  when  the  inhibitor  is  administered  repetitively.  Accumulation 
of  the  inhibitor  will  occur  to  varying  extents  when  the  intervals  between 
administrations  is  shorter  than  the  time  required  for  complete  disappearance 
of  the  inhibitor  from  the  body.  Repeated  dosage  is  one  way  in  which  the 
inhibitor  concentration  in  a  tissue  may  be  built  up  to  high  levels,  without 
the  acute  effects  sometimes  occurring  when  the  total  dose  of  the  inhibitor  is 
given  all  at  once.  Such  considerations  are  particularly  important  when  an 
inhibitor  is  being  used  to  suppress  a  particular  type  of  cell,  as  in  the  growth 
inhibition  of  neoplastic  cells.  There  are  two  basic  questions:  (1)  what  will 
be  the  final  concentration  achieved  upon  repeated  administration?  and  (2) 
how  long  will  it  take  to  achieve  this  level  or  any  particular  concentration? 

The  simplest  situation  is  when  the  inhibitor  is  introduced  suddenly 
and  disappears  at  a  rate  proportional  to  its  concentration,  the  concentra- 
tion at  any  time  after  the  administration  being  given  by  (I)  =  (I)^  e~*'  as 
shown  in  Fig.  8-7.  If  a  second  administration  of  inhibitor  is  made  while 
the  concentration  is  falling,  the  maximal  concentration  reached  will  be  the 
sum  of  that  already  present  and  the  added  inhibitor;  for  example,  if  the 
second  dose  is  given  at  time  10  in  the  case  chosen,  the  concentration  will 
immediately  rise  to  13.7  mM,  and  if  a  third  dose  is  given  at  time  20,  the 
level  reached  will  be  15.05  mil/.  Each  additional  dose  will  produce  a  pro- 
gressively smaller  increment  to  this  maximal  concentration  until,  for  prac- 
tical purposes,  a  constant  level  is  reached.  This  is  illustrated  in  Fig.  8-8, 
where  in  the  case  chosen  the  maximal  concentration  of  inhibitor  is  essen- 
tially reached  after  the  fifth  dose.  If  the  administration  is  stopped  at 
this  point,  the  time  taken  for  the  concentration  to  fall  to  some  designated 
low  level  will  be  greater  than  after  a  single  dose. 

It  may  easily  be  shown  that  the  concentration  level  reached  following 
the  nth  dose  will  be  (I)„  =  (1)^  [1  +  g-*'"  +  e  -2*'«  +  ...  +  e-<"-i)^'  "]. 
This  geometrical  series  may  be  written  in  its  equivalent  form: 

1     0-nkJt 

(I)n  =  (I).  -. r-u-  (8-30) 
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where  At  —  the  interval  between  doses  and  (I)^  is  the  concentration  peak 
produced  by  a  single  dose.  The  maximal  constant  level  attained  will  be: 


(I), 


(I). 


(8-31) 


TIME - 

Fig.  8-7.   Variation  of  the  inhibitor  concentration  with  time  following  a  single 

administration   assuming   (I)  =  (I)oe-*^'.   (I)o  =  10   mM   and   k  —  0.1.   The   time 

required  for  the  inhibitor  concentration  to  fall  to  one-half  its  initial  value  is  0.69/^" 

and  to  one-tenth  is  2.3/A;. 


The  time  required  to  reach  this  maximal  level  would  be  infinite  theoretically 
but  for  pratical  purposes  we  can  calculate  the  time  required  to  reach  to 
within  90%  of  this  final  concentration  [i.e.,  90%  of  the  way  between  (I)^ 
and  (I),„,^].  Substituting  0.1  (!),,+  0.9  (I),,,,,,  for  (I),  in  Eq.  8-19,  the  fol- 
lowing general  relationship  is  obtained: 

{n  -  l)kJt  =  2.3  (8-32) 

Since  the  interval  between  the  first  dose  and  the  nth  dose  is  (n  —  1)  At,  the 
time  for  the  concentration  to  rise  to  the  90%  level  is: 

to.,  =  2.31k  (8-33) 
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This  is  the  same  time  as  is  required  for  the  concentration  after  a  single 
dose  to  fall  to  10%  of  (I)o.  It  is  interesting  that  ^0.9  does  not  depend  on  how 
frequently  the  inhibitor  is  administered;  the  shorter  the  interval  be- 
tween doses,  the  more  must  be  given,  but  the  total  time  required  is  the  same. 
The  rise  in  concentration  with  the  number  of  administrations  and  with 


TIME 


Fig.  8-8.  Changes  in  the  internal  inhibitor  concentration  during  repeated  intrave- 
nous administrations  in  an  animal.  At  =  10  and  k  —  0.1.  The  final  concentrations 
reached    after    approximately    five    administrations    are   {^)min  —  ^-^l    nail/   and 

(I)„„^  =  15.81  milf . 


the  time  is  plotted  in  Fig.  8-9  for  different  intervals  between  doses.  The  very 
high  inhibitor  concentrations  reached  with  frequent  administrations  are  evi- 
dent. Likewise,  for  a  constant  dosage  interval,  the  slower  the  disappear- 
ance of  the  inhibitor  (the  smaller  k),  the  higher  the  final  level  reached. 
If  the  inhibitor  is  tightly  bound  to  the  tissues,  continuous  administration 
can  result  in  very  high  total  concentrations,  but  the  concentration  of  free 
inhibitor  in  solution  may  not  rise  greatly  and  the  inhibition  on  a  parti- 
cular enzyme  need  not  follow  the  total  concentration  of  inhibitor. 

The  value  of  such  a  quantitative  formulation  of  accumulation  is  that  it 
can  aid  in  the  rational  planning  of  experimental  procedures.  If  a  constant 


424 


8.    INHIBITOR   DISTRIBUTION   IN   LIVING   ORGANISMS 


inhibitor  concentration  in  a  tissue  is  desired  over  a  period  of  time,  instead 
of  a  continuously  changing  concentration  as  after  a  single  dose,  it  is  pos- 
sible to  determine  the  dosage  and  interval  to  achieve  this  on  the  basis  of  very 
little  basic  data  (the  concentration  or  effect  produced  by  a  certain  dose 


100  - 


TIME ► 

Fig.  8-9.  Increases  in  the  internal  inhibitor  concentration  with 
the  number  of  administrations  and  with  the  time  for  different 
intervals  between  the  doses  (Eq.  8-30).  (I)o  =  10  mM  and  k  =  \. 
Curve  1:  At  =  0.1;  curve  2:  At  =  0.25;  curve  3:  At  =  0.5;  curve 
4:  At  =  1;  curve  5:  At  =  2;  curve  6:  At  =  3. 


and  the  rate  of  disappearance  of  the  inhibitor).  Although  many  factors  may 
modify  the  above  simple  treatment,  whatever  the  mechanisms  involved  in 
the  time  course  of  inhibitor  effect,  the  principle  of  superposition  of  curves 
and  final  constant  levels  is  valid.  One  important  complication  may,  how- 
ever, be  mentioned.  When  the  peak  concentration  from  a  single  administra- 
tion is  not  reached  immediately,  but  follows  a  curve  such  as  discussed  in  the 
previous  section,  it  might  seem  that  the  behavior  of  the  system  would 
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differ  appreciably  from  that  of  the  system  assumed  in  this  treatment.  Ac- 
tually, the  time  course  of  the  concentration  maxima  is  described  quite 
accurately  by  Eqs.  8-19  and  8-20,  providing  the  costant  k  is  evaluated  proper- 
ly. The  determination  of  A:  in  any  case  is  best  done  from  a  plot  of  the  log 
concentration  (or  log  total  amount  in  body  or  tissue)  against  time,  since 
in  most  cases  an  approximately  straight  line  will  be  obtained.  In  the  simple 
case  (Eq.  8-4),  the  slope  will  be  —  k,  and  in  the  more  complex  situation 
of  intracellular  inhibitor  (Eq.  8-9),  the  slope  will  be  simply  /?  over  most 
of  the  range  of  falling  concentration.  It  might  also  be  pointed  out  in  this 
connection  that  the  approximate  values  of  ki  and  /bg  may  be  found  if  the 
behavior  is  similar  to  that  in  Fig.  8-4.  The  value  of/?  is  determined  as  just 
described  and  from  the  peak  concentration  reached  (where  ae"^  =  ^e^^), 
the  value  of  a  is  obtained.  Since  the  intercept  on  the  In  (I^)  axis  is  k^  (Io)o/ 
(/?  —  «),  the  value  of  k^  and  hence  A'g  may  be  found. 

DISTRIBUTION  AND  EFFECT  OF   INHIBITORS 

Occasionally  there  may  be  a  good  correlation  between  the  distribution 
of  an  inhibitor  in  the  tissues  or  cells  of  the  body  and  the  degree  of  inhi- 
bition that  is  produced.  However,  when  one  is  not  determining  the  effective 
concentration  of  inhibitor,  a  lack  of  correlation  can  be  expected.  It  is 
especially  important  to  realize  that  the  relative  effects  in  the  different 
tissues  need  not  correspond  to  differences  in  distribution.  The  rate  of 
accumulation  of  citrate  following  the  aconitase  block  induced  by  the  admin- 
istration of  fluoracetate  is  not  necessarily  proportional  to  the  concentra- 
tion of  the  inhibitor  present  in  the  tissue,  but  is  perhaps  more  closely 
related  to  the  rate  of  cycle  operation,  that  is  the  rate  of  citrate  forma- 
tion. Similarly,  the  degree  to  which  an  inhibitor  affects  the  functioning 
of  the  various  tissues  is  even  less  likely  to  be  related  to  the  distribution 
of  the  inhibitor  for,  as  will  be  discussed  in  the  following  chapter,  the 
dependency  of  functional  activity  on  metabolism  varies  markedly  from 
tissue  to  tissue.  The  distribution  of  an  inhibitor  throughout  the  body  can 
only  be  determined  by  direct  analyses  of  the  tissues  and  little  reliance  can 
be  placed  on  the  differential  effects  on  metabolism  or  function.  Inasmuch  as 
the  specific  actions  of  certain  inhibitors  endow  them  with  the  possibility  of 
being  useful  either  as  experimental  tools  or  in  ,the  treatment  of  disease, 
it  would  seem  that  some  quantitative  studies  of  the  correlation  (or  lack  of 
it)  between  distribution  and  inhibition  would  be  quite  valuable,  not  only 
with  single  administrations  but  with  repeated  doses  of  the  important  inhi- 
bitors. Such  relationships  will  be  discussed  wherever  possible  in  the  chap- 
ters on  specific  inhibitors  but  a  deficiency  will  always  be  evident  due  to 
the  lack  of  comprehensive  experimental  data. 


CHAPTER  9 

INHIBITION   IN  CELLS  AND  TISSUES 


The  previous  chapters  have  been  primarily  concerned  with  inhibition 
of  enzymes  isolated  from  cells  and  studied  in  artificial  media.  When  at- 
tention is  turned  to  inhibition  in  intact  living  cells  or  whole  animals,  many 
new  problems  are  presented  as  a  result  of  the  increased  organization  and 
complexity  of  the  metabolic  systems  acted  upon.  Information  obtained 
on  isolated  enzymes  is  valuable  at  the  enzyme  level  and  inhibition  studies 
have  contributed  to  our  knowledge  of  the  nature  of  active  sites  and  enzyme 
mechanisms.  However,  the  most  important  aspects  of  enzyme  inhibition 
are  the  elucidation  of  the  metabolic  events  and  pathways  in  cells  and  or- 
ganisms, the  determination  of  the  relationship  between  cell  function  and 
metabolism,  and  the  use  of  inhibitors  to  alter  specifically  certain  processes 
or  depress  selectively  the  growth  of  cells  invading  the  organism.  The  full 
importance  of  inhibitors  as  tools  in  biochemical,  physiological,  and  clini- 
cal research  is  manifested  only  when  the  inhibitors  are  applied  to  living 
systems.  The  basic  knowledge  gained  from  isolated  enzymes  must  be  ex- 
tended to  these  enzymes  when  they  are  integral  units  of  the  organized  met- 
abolic complex.  The  basic  question  immediately  arises:  what  is  the  rela- 
tion between  inhibition  observed  on  an  isolated  enzyme  and  the  inhibition 
of  that  enzyme  in  the  cell?  When  the  characteristics  of  a  particular  inhi- 
bition are  known  from  studies  of  the  pure  enzyme  —  the  effect  of  inhibitor 
concentration  on  the  degree  of  inhibition,  the  type  of  inhibition,  the  rate 
of  inhibition,  the  reversibility,  the  various  constants  —  one  may  inquire 
as  to  how  reliable  these  characteristics  are  when  applied  to  the  living  cell. 
Many  important  correlations  and  conclusions  from  the  use  of  inhibitors 
depend  on  the  assumption  that  extra-  and  intracellular  inhibitions  are 
similar  or  indeed  identical.  One  would  prefer  to  believe  that  what  happens 
outside  the  cell  may  actually  happen  within,  but  the  matter  is  more  com- 
plex than  has  been  generally  assumed  and  there  are  now  reasons  for  sug- 
gesting that  a  well-balanced  pessimism  is  not  inappropriate.  The  statement 
by  Davenport  (1956)  well  expresses  the  modern  more  realistic  attitude: 
"Only  the  most  fortunate  combination  of  circumstances  will  allow  one  to 
relate  quantitatively  the  action  of  an  enzyme  in  an  extract  and  its  activ- 
ity in  the  intact  cell." 
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The  activity  and  susceptibility  to  inhibition  of  an  enzyme  depend  on 
the  state  of  the  enzyme  and  since  there  are  several  possible  reasons  why 
the  states  of  isolated  and  intact  enzymes  should  differ,  it  is  reasonable  to 
anticipate  that  an  exact  correlation  between  the  behavior  of  an  enzyme 
in  the  cell  and  the  behavior  of  the  same  enzyme  in  an  extract  or  in  a  pu- 
rified state  would  seldom  be  possible.  Some  of  the  factors  responsible  for 
these  different  states  of  an  enzyme  may  be  outlined. 

(I)  Different   chemical  compositions  of  the  media 

A.  Inorganic  ions  (including  pH) 

B.  Organic  substances  (both  low  molecular  -weight  compounds,  such  as  glu- 
tathione, and  high  molecular  weight  compounds,  such  as  proteins  and  nu- 
cleic acids). 

(II)  Different  physical  states  of  the  enzyme. 

A.  Complexes  of  the  enzyme  with  other  substances,  such  as  lipids,  in  the  cell, 
or  a  variety  of  possible  compounds  released  from  their  normal  sites  during 
extraction 

B.  Presence  of  the  enzyme  at  an  interphase  or  in  a  molecular  layer 

(III)  Different  temperatures 

(IV)  Different   states   or   concentrations   of  the   enzyme's   substrate 

^4.  Enzyme  may  be  part  of  an  organized  multienzyme  system  so  that  its  sub- 
strate may  be  immediately  available  in  a  high  local  concentration  or  acti- 
vated form 

B.  Enzyme  may  be  separated  from  its  substrate  by  membranes  that  reduce 
the  substrate  concentration  in  the  region  of  the  enzyme 

(V)  Different  concentrations  of  the  inhibitor  used 

The  last  two  categories  have  been  discussed  in  the  previous  chapters.  The 
effects  of  pH  on  enzyme  inhibition  will  be  treated  in  Chapter  14  and  the 
effects  of  temperature,  ions,  ionic  strength,  and  buffers  in  Chapter  15; 
for  the  present  we  may  assume  that  these  factors  are  often  of  significance. 
Some  inquiry  must  now  be  made  into  the  differences  in  enzyme  environ- 
ment within  the  cell  and  in  the  media  generally  used  for  the  investigation 
of  isolated  enzymes. 

CHEMICAL  COMPOSITION   OF  THE   MEDIA 

It  is,  of  course,  impossible  at  the  present  time  to  duplicate  exactly  intra- 
cellular conditions  in  the  study  of  isolated  enzymes,  since  our  understanding 
of  the  normal  enzyme  environment  in  the  cell  is  limited.  The  usual  media 
employed  in  the  characterization  of  enzymes  contain  only  a  buffer  in  ad- 
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dition  to  the  enzyme  and  substrate;  when  a  requirement  for  a  coenzyme 
or  cofactor  is  known,  such  may  also  be  added.  The  pH  may  be  chosen  ar- 
bitrarily or  as  that  giving  maximal  enzyme  activity,  but  is  seldom  selected 
with  any  reference  to  the  intracellular  pH.  It  must  be  admitted  that,  al- 
though much  attention  has  been  given  to  the  designing  of  appropriate  ex- 
tracellular media,  a  minimal  effort  has  been  expended  in  the  attempt  to 
test  enzymes  under  reasonably  normal  conditions.  The  enzymologist  has 
been  more  interested  in  characterizing  an  enzyme  in  chemical  or  catalytic 
terms  than  in  determining  its  behavior  under  physiological  conditions.  In 
attempting  to  extend  inhibition  studies  on  isolated  enzymes  to  cellular 
levels,  it  must  be  realized  that  most  enzyme  media  used  are  grossly  un- 
physiological. 

A  cursory  examination  of  some  five  dozen  studies  on  enzymes  isolated 
from  mammalian  tissues  (in  the  1959  issues  of  the  Journal  of  Biological 
Chemistry)  showed  that  in  60%  only  a  buffer  was  used,  in  35%  a  cofactor 
was  added  (such  as  Mg^^),  and  in  the  remaining  5%  some  stabilizer,  such 
as  glutathione,  cysteine,  or  EDTA,  was  present.  No  attempt  was  made 
to  create  a  medium  ionically  physiological.  In  some  cases  sodium  buffers 
were  used  rather  than  potassium  buffers,  despite  the  preponderance  of 
potassium  over  sodium  in  the  cell.  A  similar  impression  may  be  obtained 
by  perusing  the  standard  testing  conditions  for  enzymes  in  "Methods  in 
Enzymology"  (Colowick  and  Kaplan,  1955,  Vols.  I  and  II).  In  the  papers 
examined  above,  the  pH  chosen  was  anywhere  from  5  to  10,  with  most 
between  7.4  and  7.8;  the  pH  was  above  7  in  82%  despite  the  fact  that  the 
intracellular  pH  is  generally  somewhat  less  than  7.  A  variety  of  buffers  was 
used  —  potassium  phosphate,  sodium  acetate,  glycine,  glycylglycine,  so- 
dium pyrophosphate,  sodium  citrate,  tris(hydroxymethyl)aminomethane 
(Tris),  barbital,  or  combinations  of  these  —  and  these  were  in  concentra- 
tions from  7  to  160  mil/.  There  is  little  rationale  in  the  use  of  an  odd  as- 
sortment of  unnatural  buffers  and  if  experiments  were  made  nearer  the 
physiological  pH  there  would  be  no  need  for  buffers  effective  outside  this 
range.  The  testing  of  enzyme  activity  in  several  buffers  and  choosing  the 
one  giving  the  highest  activity  also  is  not  conducive  to  physiological  re- 
sults. It  seems  reasonable  to  suggest  that  the  lowest  concentration  of  buf- 
fer, commensurate  with  controlling  the  pH,  should  be  selected;  indeed,  in 
some  reactions  it  is  not  necessary  to  have  a  buffer,  at  least  over  the  interval 
measured.  Mg"^"^,  when  used,  varied  between  2.8  and  25  mM.  Tempera- 
tures ranged  from  23°  to  38o  (in  10%  of  the  reports  it  was  not  specified) 
and  in  approximately  half  the  cases  it  was  physiological  (370-38°).  The 
balance  between  K"^  and  Na"^  ions  was  seldom  considered. 

The  over-all  concentrations  of  the  common  physiological  inorganic  ions 
in  vertebrate  cells  are  reasonably  well  known  and  selected  values  are  given 
in  Table  9-1.  It  is  evident  that  K"*"  is  usually  at  a  much  higher  concentra- 
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tion  than  Na"^,  with  the  exception  of  the  kidney.  For  this  reason  K"^  salts 
should  be  used  as  the  major  source  of  cation  in  most  work  on  isolated  en- 
zymes. The  following  ionic  concentrations  might  be  considered  as  approach- 
ing a  reasonable  intracellular  environment:  135  mM  K"^,  20  milf  Na"*",  20 
mM  Mg++,  1  mM  Ca+^,  20  mM  HCO3",  10  mil  inorganic  phosphate,  and  a 
pH  of  6.7-6.8.  The  difficulty  is  in  providing  sufficient  anion  to  balance  the 
required  cation  concentrations,  since  in  the  cell  this  anion  deficit  is  sup- 
plied by  various  organic  substances.  It  is  likely  that  it  is  generally  safer 
to  use  KCl  rather  than  high  concentrations  of  phosphate,  since  most  en- 
zymes are  not  affected  markedly  by  Cl~  concentration.  The  excellent  re- 
view of  Caldwell  (1956)  may  be  consulted  for  the  intracellular  pH's  of  the 
individual  tissues  but  it  is  clear  that  most  mammalian  tissues  have  a  pH 
slightly  below  neutrality  when  determined  by  the  best  techniques.  Or- 
ganic ions  make  up  a  major  fraction  of  the  total  in  most  cells;  in  frog  muscle 
the  values  have  been  given  as  amino  acids  8.8  mM,  phosphocreatine  35.2 
mM,  carnosine  14.7  mM,  creatine  7.4  mM,  lactate  3.9  mM,  ATP  4.0  mM, 
hexose  monophosphates  2.5  mM  (Conway,  1957),  and  there  are  many  other 

Table  9-1 

Sodium  and  Potassium  Concentrations  in  Vertebrate  Tissues  " 


Tissue 

Species 

Potassium 
{mM  in  cell  water) 

Sodium 
(mM  in  cell  water) 

Skeletal  muscle 

Frog 

136 

16 

Rat 

171 

8 

Dog 

140 

12 

Ventricle  muscle 

Rat 

143 

21 

Dog 

12.5 

8 

Nerve 

Frog 

140 

37 

Toad 

135 

42 

Liver 

Rat 

170 

87 

Kidney 

Guinea  pig 

98 

81 

Erythrocytes 

Rat 

142 

23 

Human 

143 

17 

"  Relatively  less  data  are  available  for  the  other  physiological  ions:  Mg++  —  14  raM 
in  frog  muscle,  15  mM  in  rat  ventricle,  36  mM  in  rat  liver,  11  mM  in  rat  erythrocytes; 
Cl~  =  1.5  mM  in  frog  muscle,  8  milf  in  rat  ventricle,  27  mM  in  toad  nerve,  18  mM 
in  rat  liver,  82  mM  in  rat  erythrocytes;  HCO7  =  10  mM  in  rat  muscle,  14  mM  in 
rat  ventricle,  20  mM  in  rat  liver,  28  mM  in  rat  erythrocytes,  12.4  mM  in  frog  muscle; 
phosphate  =  7.3  milf  in  frog  muscle;  total  phosphates  =  143  mM  in  rat  muscle,  100 
mM  in  rat  ventricle,  123  mM  in  rat  liver.  The  values  have  been  summarized  from  nu- 
merous references  and  represent  only  approximate  concentrations,  which  may  vary 
rather  widely  with  the  age  or  the  state  of  the  animal. 


CHEMICAL    COMPOSITION    OF    THE    MEDIA  431 

ions  present  (particularly  the  various  carboxylates,  the  proteins,  and 
nucleotides).  Finally,  it  may  be  noted  that  different  regions  or  cells  of  an 
organ  may  possess  different  ionic  contents,  as  has  been  well  shown  for  heart 
(Davies  et  al.,  1952;  Kiihns,  1954).  It  is  even  possible  that  within  an  appar- 
ently homogeneous  cell  population  there  occur  variations  between  the 
individual   ceUs   (Webb,    1956;    Conway,    1957). 

A  further  difficulty  in  duplicating  an  intracellular  environment  for  an 
enzyme  arises  from  the  fact  that  the  distribution  of  the  ions  within  the 
cell  is  unknown;  even  when  the  over-all  concentration  is  known,  one  can- 
not be  certain  that  this  is  the  concentration  in  the  enzyme  region.  In  the 
first  place,  a  fraction  of  each  ion  population  may  be  bound.  This  applies 
particularly  to  ions  such  as  Mg"*""^  or  Ca"^"^,  the  actual  concentration  of  the 
free  ions  possibly  being  very  low,  but  also  to  K"^  and  Na"^.  Myosins  A  and 
B  bind  K"^  and  Na"^  on  the  imidazole  and  amino  groups  (Lewis  and  Saroff, 
1957).  A  total  of  around  fifty  ions  may  be  bound  per  10^  gm  of  protein  on 
a  molar  basis  and  the  dissociation  constants  for  myosin  A  are  1.25  X  10~^  M 
for  K"^  and  6.25  X  10"^  M  for  Na"^  with  respect  to  the  imidazole  sites.  Thus 
appreciable  amounts  of  these  ions  may  be  removed  from  solution  in  muscle 
cells.  In  the  second  place,  there  is  evidence  that  mitochondria  can  possess 
different  ionic  concentrations  than  the  external  medium  (Macfarlane  and 
Spencer,  1953;  Davies,  195-4;  Ulrich,  1960).  Apparently  both  K+  and  Na+ 
may  be  at  higher  concentrations  within  the  mitochondria,  although  how 
much  of  this  is  due  to  binding  is  not  known.  Analysis  of  nuclear,  mito- 
chondrial, microsomal,  and  supernate  fractions  of  liver  cells  for  K"^,  Na"*", 
Ca"^"^,  and  Mg"^"^  has  shown  definite  differential  distribution  (Griswold  and 
Pace,  1956).  While  K"^  and  Na"^  are  mainly  in  the  supernate  (53%  and  66% 
respectively),  Ca '""^  is  highest  in  the  mitochondria,  and  Mg"^"*"  is  highest  in 
the  microsomes.  Studies  of  the  exchangeability  of  intracellular  ions  and  the 
rates  of  efflux  of  radioactive  ions  from  cells  have  usually  indicated  different 
compartments,  fractions  of  the  total  ion  content  having  different  mobilities. 
In  erythrocytes  the  K"^  is  divided  between  at  least  two  compartments 
(Solomon  and  Gold,  1955)  while  in  muscle  the  Na"^  is  not  homogeneously 
distributed  (Conway,  1954).  Similar  results  have  been  obtained  with  these 
and  other  ions  on  a  variety  of  tissues.  Summarizing  this  evidence,  it  must 
be  admitted  that  the  concentration  of  an  ion  in  the  enzyme  region  may 
be  either  higher  or  lower  than  indicated  by  the  over-all  concentration. 

The  effects  of  the  organic  compounds  of  the  cell  on  enzyme  properties 
are  mostly  obscure.  Certain  substances,  such  as  glutathione  and  ascorbic 
acid,  may  regulate  activity  through  redox  equilibria  with  the  enzyme 
SH-groups,  or  they  may  exert  a  protective  action  against  inhibition, 
and  their  absence  in  reaction  media  may  modify  the  enzyme  appreciably. 
On  the  other  hand,  the  use  of  certain  substances  in  media  to  increase  the 
activity  or  to  stabilize  enzyme  preparations  may  create  abnormal  con- 
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ditions.  Thus  the  common  incorporation  of  sucrose  (usually  250  milf) 
into  mitochondrial  media  may  help  maintain  a  steadier  metabolic  rate  but 
may  also  alter  the  biochemical  properties  of  the  component  enzymes. 
Likewise,  the  use  of  EDTA  in  mitochondrial  suspensions  should  probably 
be  discontinued  because  it  not  only  removes  calcium  and  other  metal  ions 
from  solution,  but  exerts  more  direct  effects  to  disturb  the  normal  electron 
transport  and  phosphorylation  (Yang,  1960). 

The  purpose  of  this  section  is  to  emphasize  the  striking  discrepancies 
between  conditions  within  the  cell  and  in  the  artificial  media  used  for  en- 
zyme study.  Some  of  these  differences  are  inherent  in  the  technical  impos- 
sibility of  reproducing  complex  intracellular  conditions,  but  some  are  also 
due  to  the  general  lack  of  interest  in  investigating  enzymes  physiologically. 
This  state  of  affairs  introduces  uncertainty  into  the  interpretations  of 
inhibition  in  the  cell  on  the  basis  of  work  on  isolated  enzymes.  Uncertainty 
of  this  sort  was  expressed  long  ago  by  Linderstr0m-Lang  and  Holter 
(1931)  but  the  problem  still  remains  unsolved.  In  later  chapters,  corre- 
lations between  in  vitro  and  in  vivo  results  will  be  made  because  at  pre- 
sent there  is  no  alternative,  but  it  should  always  be  remembered  that  the 
conclusions  must  be  provisional  until  data  from  more  physiological  studies 
are  available. 


DISTRIBUTION  AND  STATE  OF  ENZYMES  IN   CELLS 

Enzymes  are  not  distributed  homogeneously  throughout  a  cell  but  are 
concentrated  in  certain  compartments  or  subcellular  structures.  This  may 
be  of  great  importance  in  cellular  inhibition  since  the  accessibility  of  the 
inhibitor  to  the  enzyme  can  determine  the  effect  produced.  The  manifold 
reactions  of  the  cell  could  not  be  carried  out  simultaneously  in  an  organ- 
ized manner  without  a  heterogeneous  arrangement  of  enzymes.  Cori 
(1956)  has  stressed  the  role  of  metabolic  compartments  in  controlling  many 
enzymic  reactions.  There  are  many  instances  known  where  a  substrate  and 
enzyme  exist  in  the  cell  without  reaction  and,  in  some  cases  at  least,  this 
is  probably  due  to  spatial  separation,  which  may  be  broken  down  when  the 
cell  is  activated  functionally.  If  enzymes  are  unavailable  to  their  sub- 
strates, it  is  likely  that  they  are  protected  from  certain  inhibitors.  Com- 
partmentalization,  in  addition,  can  modify  enzyme  kinetics  by  introducing 
diffusion  factors,  and  hence  alter  the  response  of  these  systems  to  inhibitors 
as  already  discussed  in  Chapter  7.  Finally,  one  should  be  cognizant  of  the 
possibility  of  an  inhibitor  directly  or  indirectly  affecting  the  intercompart- 
mental  barriers  and  in  this  way  changing  metabolism  without  any  neces- 
sary effect  on  the  enzymes  involved. 
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Distribution  of  Enzymes  in  Cell  Fractions 

Enzyme  analyses  of  cell  components  separated  from  homogenates  by 
centrifugation  have  invariably  shown  differential  distribution.  It  has  been 
known  for  some  time  that  nuclei  contain  very  little  or  no  oxidizing  en- 
zymes, but  do  have  enzymes  involved  in  protein  and  nucleic  acid  metabo- 
lism, such  as  proteinases,  cathepsin,  dipeptidases,  and  ribonuclease  (Siebert 
and  Smellie,  1957).  The  enzymes  for  the  tricarboxylic  acid  cycle  are  mainly 
or  entirely  located  in  the  mitochondria  or  related  structures,  although 
recently  the  problem  of  different  types  of  mitochondria,  with  varying 
composition,  has  arisen  (Novikoff,  1957).  The  different  concentrations  of 
enzymes  (succinic  dehydrogenase,  uricase,  DPN-cytochrome  c  reductase, 
and  acid  phosphatase)  in  differently  sedimentable  fractions  from  liver 
indicate  a  degree  of  complexity  previously  unappreciated  (Kuff  and  Ho- 
geboom,  1956).  The  usual  relegation  of  the  glycolytic  enzymes  to  the  su- 
pernate  fraction  has  been  questioned  in  brain  where  these  enzymes  have 
been  found  associated  in  part  with  the  mitochondria  (Abood  et  al.,  1959). 
Although  localization  of  enzymes  in  the  cell  undoubtedly  occurs,  care  must 
be  taken  not  to  assume  the  segregation  between  cell  fractions  to  be  complete. 
Although  much  progress  has  been  made  in  this  field,  it  is  evident  that  the 
fractionations  are  still  rather  crude  and  errors  due  to  redistribution  of  en- 
zymes during  the  preparation  are  inevitable.  Histochemical  analyses  have 
also  shown  characteristic  distributions  of  enzymes  in  cells  but  at  present 
the  techniques  have  not  advanced  far  enough  to  allow  detailed  localizations, 
although  these  methods  may  eventually  provide  the  desired  answers.  Re- 
sults on  the  distribution  of  inhibitors  within  the  cell  are  not  of  much  value 
unless  we  also  know  the  enzyme  pattern. 

Localization   of   Enzymes    Relative   to   the    Plasma   Membrane 

Since  the  plasma  membrane  is  the  major  barrier  to  the  entrance  of  in- 
hibitors into  the  cell,  it  is  of  primary  importance  to  determine  if  the  involved 
enzymes  are  in  the  cell,  within  the  membrane,  or  outside.  A  great  deal  of 
indirect  evidence  has  been  presented  that  some  enzymes  are  at  or  near  the 
cell  surface  and  are  susceptible  to  influences  that  do  not  extend  within 
the  cell.  If  an  enzyme  is  both  at  the  membrane  and  inside  the  cell,  a  specific 
inhibition  of  the  membrane  enzyme  may  be  achieved  when  the  inhibitor 
does  not  penetrate  into  the  cell,  and  a  specific  functional  change  in  the 
membrane  may  be  produced. 

Yeast  /5-fructofuranosidase  (invertase)  in  extracts  and  suspensions  of 
intact  cells  is  affected  equally  by  changes  in  pH;  it  was  therefore  suggested 
nearly  30  years  ago  that  this  enzyme  must  be  in  the  outer  region  of  the 
cell  where  the  pH  follows  the  external  pH  (Wilkes  and  Palmer,  1932). 
Comparison  of  pH  effects  on  the  hydrolysis  and  fermentation  of  sucrose 
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also  pointed  to  /?-fructofuranosidase  being  external,  while  the  glycolytic 
enzymes  are  within  the  cell  (Myrback  and  Vasseur,  1943).  These  conclu- 
sions have  been  supported  by  kinetic  studies  on  /9-fructofuranosidase  and 
hexokinase  in  intact  yeast  (Best,  1955  c).  The  results  indicated  that  /5-fructo- 
furanosidase  was  external  to  the  major  diffusion  barrier  and  perhaps  as- 
sociated with  the  polysaccharide  of  the  capsule  in  the  outer  space  of  Con- 
way and  Downey  (1950).  However,  some  barrier  to  diffusion  seems  to  exist 
outside  the  /?-fructofuranosidase  region.  Finally,  the  differential  inacti- 
vation  of  /5-fructofuranosidase  by  bombardment  of  yeast  cells  with  low 
voltage  electrons  of  differing  penetration  powers  localized  the  enzyme  to 
a  zone  lying  between  depths  of  500  and  1000  A  from  the  outer  surface 
(Preiss,  1958).  Yeast  phosphatase  also  seems  to  be  at  the  cell  surface  be- 
cause, although  antibodies  inhibitory  to  hexokinase  and  pyruvic  decar- 
boxylase showed  no  effect  in  the  intact  cell,  antiphosphatase  was  able  to 
inhibit  in  yeast  suspensions  (Derrick  et  al.,  1953).  Mention  may  also  be  made 
of  the  evidence  for  trans])ort  enzymes  at  the  yeast  cell  membrane  from 
studies  on  uranium  inhibition  (Rothstein,  1954).  The  loostulated  membrane 
transport  enzymes,  permease  (Monod,  1956;  Gale,  1957)  and  translocase 
(Mitchell,  1957),  must  be  situated  somewhere  within  the  membrane  in 
bacteria  but  exact  localization  and  susceptibility  to  inhibition  have  not 
been  determined.  In  micrococci  the  following  enzymes  appear  to  be  lo- 
calized in  the  membrane:  succinic  dehydrogenase,  lactic  dehydrogenase, 
malic  dehydrogenase,  formic  dehydrogenase,  acid  phosphatase,  and  the 
cytochrome  system  (Mitchell  and  Moyle,  1956).  Enzyme  activity  of  the 
erythrocyte  stroma  has  been  established,  especially  for  the  synthesis  of 
ATP  (Prankerd,  1956)  but  most  of  the  evidence  for  membrane  enzymes 
in  mammalian  cells  is  very  indirect.  It  would  be  reasonable  to  expect  the 
enzymes  involved  in  active  transport  and  ionic  pumps  to  be  situated  in 
or  near  the  membrane.  Inhibitors  exert  actions  on  cardiac  cell  membrane 
potentials  most  readily-interpreted  by  assuming  that  the  enzymes  at- 
tacked are  in  the  membrane  (Webb  and  Hollander,  1959).  The  effects  of 
Ca++  on  brain  glycolysis,  as  related  to  changes  in  pH,  have  led  to  the  sug- 
gestion that  the  neuronal  surface  is  an  important  site  o  j glucose  meta- 
bolism (Adams  and  Quastel,  1956).  Finally,  it  would  appear  that  there  are 
two  glycolytic  systems  capable  of  forming  lactate  in  diaphragm  muscle, 
one  intracellular  and  able  to  form  glycogen  and  the  other  at  the  membrane 
and  unable  to  form  glycogen  (Shaw  and  Stadie,  1959).  Only  the  former 
pathway  is  dependent  on  insulin,  inasmuch  as  insulin  is  involved  in  the 
inward  transport  of  glucose  and  the  membrane  system  requires  no  such 
transport. 

The  problems  of  enzyme  localization  have  been  made  more  complex 
by  the  demonstrations  of  double  membranes  throughout  the  cell  (Robert- 
son,  1957).  The  classic  plasma  membrane  seems  to  consist  generally  of 
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two  membranes,  each  about  100  A  thick  and  separated  by  a  space 
that  varies  in  thickness  from  100  to  500  A.  In  addition,  certain  cells 
may  possess  dense  regions  a  few  hundred  angstroms  thick  on  the  inner  or 
outer  sides  of  these  membranes.  Indirect  evidence  has  been  adduced  for 
two  membranes  of  different  conductivities  at  the  nerve  surface,  so  that  an 
ion,  such  as  K^,  leaving  the  cell  may  be  temporarily  retained  between  the 
tw^o  membranes  (Frankenhaeuser  and  Hodgkin.  1955).  The  implications 
of  such  double  membranes  for  enzyme  inhibition  in  the  cell  have  never 
been  discussed  but  it  is  clear  that  the  rates  of  penetration  into  the  cell, 
the  localization  of  the  inhibitor,  and  the  specificity  of  effect  upon  the  cell 
may  all  be  dependent  on  these  structures.  One  must  now  abandon  the  sim- 
ple concept  of  '"outside"  or  "inside"  enzymes,  since  the  enzyme  may  be 
situated  in  a  variety  of  regions  all  near  the  cell  surface.  Actually,  nine 
different  zones  may  be  imagined  in  the  general  case,  as  illustrated  in  Fig.  9-1. 


Fig.  9-1.  Possible  locations  of  an  enzyme  near  the  surface  of  a  cell.  B  and  D  rep- 
resent the  double  membrane  with  a  space,  C,  between,  while  A  and  E  are  the  special 
regions  adjacent  to  these  membranes  and  are  not  necessarily  present  in  every  cell. 
The  enzyme  may  be  at:  1,  the  extreme  outer  surface;  2,  in  the  outer  differentiated 
layer;  3,  at  the  outer  surface  of  the  outer  membrane;  4,  at  the  inner  surface  of  the 
outer  membrane;  5,  in  the  space  between  the  membranes;  6,  at  the  outer  surface  of 
the  inner  membrane;  7.  at  the  inner  surface  of  the  inner  membrane;  8,  in  the  inner 
differentiated  layer;  or  9,  in  the  interior   of  the  cell. 

State   of  Intracellular   Enzymes 

Some  instances  have  been  noted  where  enzymes  within  the  living  cells 
seem  to  have  different  properties  from  the  isolated  enzymes.  Thus  acon- 
itase,  with  respect  to  its  inhibition  by  fluorocitrate,  behaves  differently 
when  isolated  than  in  intact  mitochondria  (Peters,  1955),  and  trypto- 
phanase  isolated  from  E.  coli  has  an  apparent  Michaelis  constant  some 
twenty  times  greater  than  the  enzyme  in  the  cells  (Rydon,  1955).  The  latter 
observation  would  indicate  a  much  greater  affinity  of  the  enzyme  for  its 
substrate  within  the  cell  and  if  this  is  a  common  phenomenon  it  would 
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have  important  bearings  on  competitive  inhibition  studies.  It  is  actually 
not  known  if  these  differences  are  due  to  the  altered  environment  of  the 
enzyme  when  isolated  or  whether  it  is  a  true  structural  variation  between 
the  enzymes  in  the  two  states.  One  factor  of  importance  is  probably  the 
existence  of  the  enzyme  at  one  of  the  numerous  cell  interphases.  Catalase 
can  be  adsorbed  onto  artificial  interphases  to  give  states  from  complete 
activity  to  complete  inactivity  (Fraser  et  al.,  1955).  It  has  been  suggested 
that  catalase  in  normal  yeast  cells  exists  in  a  partially  unfolded  condition 
at  some  oil/water  boundary,  since  extraction  could  increase  the  activity 
manyfold.  On  the  other  hand,  in  some  cases,  extraction  from  the  cell  could 
lead  to  partial  unfolding  or  denaturation  by  contact  of  the  enzyme  with 
substances  from  which  it  is  normally  separated.  It  is  also  conceivable  that 
an  inhibitor  within  the  cell  could  either  directly  or  secondarily  alter  these 
structural  conditions  so  that  the  activity  of  an  enzyme  might  change 
without  a  direct  attack  being  made  upon  it.  The  lipoprotein  nature  of 
some  enzymes  within  the  cell  may  favor  the  stability  of  active  struc- 
tures and  any  dissociation  of  such  complexes  would  change  the  properties 
of  the  enzyme. 


TYPES  OF  INHIBITION   UNIQUE  TO  ORGANIZED 

SYSTEMS 

Inhibitors  may  alter  cell  metabolism  or  function  in  a  variety  of  ways 
not  possible  in  the  simple  isolated  enzyme  preparation.  Sometimes  the  whole 
cell  is  not  necessary  for  these  more  complex  types  of  inhibition,  but  in  all 
cases  it  requires  the  participation  of  several  enzymes  or  a  structurally  or- 
ganized metabolic  system.  It  is  not  profitable  at  the  present  time  to  treat 
such  inhibitions  by  a  completely  quantitative  approach  because  too  many 
unjustified  assumptions  must  be  made,  but  a  semiquantitative  formula- 
tion may  be  useful  in  showing  what  experimental  data  are  needed  for  a 
more  rigorous   treatment. 

The  True  Enzyme  Inhibitor  Is  Formed   Metabolically  from  the  Added 

Substance 

The  substance  presented  to  the  cells  may  not  itself  be  an  enzyme  inhi- 
bitor but  is  chemically  transformed  through  the  mediation  of  the  cell  en- 
zymes into  an  inhibitor.  The  substance  from  which  the  inhibitor  is  formed 
will  be  called  the  precursor.  This  phenomenon  is  commonly  designated  as 
lethal  synthesis,  an  expression  coined  by  Peters  for  the  metabolism  of 
fluoroacetate  into  fiuorocitrate.  Although  the  result  may  not  be  lethal, 
this  terminology  is  convenient  and  generally  accepted.  An  excellent  dis- 
cussion of  the  more  general  aspects  of  lethal  synthesis  has  been  given  by 
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Markham  (1958).  We  shall  restrict  the  discussion  to  cases  in  which  an  en- 
zyme inhibitor  is  formed  and  omit  the  incorporation  of  unnatural  analogs 
(such  as  the  analogs  of  amino  acids,  purines,  or  pyrimidines)  into  proteins 
or  nucleic  acids,  since  these  interfere  with  metabolism  indirectly.  Some 
examples  of  lethal  synthesis  in  this  restricted  sense  would  be:  the  forma- 
tion of  fiuorocitrate  from  fluoroacetate,  resulting  in  the  inhibition  of 
aconitase;  the  transformation  of  deoxypyridoxine  to  deoxypyridoxine  pho- 
sphate, which  interferes  with  enzymes  utilizing  pyridoxal  phosphate;  the 
formation  of  DPN  and  TPN  analogs  from  the  acetylpyridines,  resulting  in 
disturbances  of  electron  transport;  and  the  formation  of  5-fluoronicotin- 
amide  from  5-fluoronicotinic  acid,  blocking  the  phosphorylation  of  nico- 
tinamide riboside. 

The  precursor  is  usually  chemically  related  to  the  normal  substrate  of 
the  enzyme  that  forms  the  inhibitor  since  otherwise  it  is  unlikely  that  it 
would  combine  with  the  enzyme.  The  precursor  may  differ  from  the  sub- 
strate in  a  single  group;  the  following  substitutions  are  frequently  effective, 
as  pointed  out  by  Markham  —  CI,  Br,  or  I  for  a  CHg  group;  F  for  H;  SH 
for  OH  or  =S  for  =0;  >i-propyl  for  isopropyl;  — N=  for  — CH==;  — S  — 
for  —  CH=CH— ;  Se  for  S  or  As  for  P.  It  is  impossible  to  predict  if  the 
analog  will  directly  inhibit  the  enzyme  or  if  it  will  serve  as  an  abnormal 
substrate.  The  advantage  of  an  inhibitor  formed  by  lethal  synthesis  is  that 
it  is  often  quite  specific  and  directed  efforts  to  discover  effective  precursors 
are  now  common. 

The  kinetics  of  inhibition  resulting  from  lethal  synthesis  will  depend 
on  the  relationship  of  the  enzyme  inhibited  to  the  the  enzyme  forming  the 
inhibitor.  If  the  inhibited  enzyme  bears  no  direct  relationship  to  the 
lethal  synthesis,  it  is  evident  that  the  inhibition  will  be  progressive  with 
time,  in  that  the  inhibitor  will  increase  in  concentration,  unless  there  is 
a  limited  supply  of  the  precursor  or  the  inhibitor  is  eliminated  by  some 
mechanism  as  it  is  formed.  The  rise  in  inhibition  will  depend,  too,  on  the 
spatial  configuration  or  compartmentalization  of  the  system  because  the 
inhibitor  concentration  will  increase  more  rapidly  if  the  inhibitor  is  restricted 
to  the  region  where  it  is  formed.  The  great  potency  of  fluoroacetate  is  in 
part  due  to  the  accumulation  of  the  fiuorocitrate  in  the  mitochondria. 

Two  simple  cases  of  lethal  synthesis  may  be  taken  as  illustrative  of  the 
more  general  properties  of  such  inhibition.  If  the  inhibition  is  exerted  on 
the  enzyme  forming  the  inhibitor: 

E 

S  ^  P  V 


E 

X  -^  I 


F,(S) 

(S)  +  K, 

F.(X) 

(X)  +  K, 
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where  S  is  the  normal  substrate,  P  its  product,  X  the  precursor,  and  I  the 
inhibitor  formed.  When  I  inhibits  E  (a  form  of  product  inhibition  actually), 
both  reactions  will,  of  course,  be  depressed,  and  progressively  so  as  (I)  in- 
creases. The  development  of  the  inhibition  is  thus  slowed  relative  to  the 
situation  in  which  the  inhibition  is  on  another  enzyme.  However,  a  steady 
state  will  not  be  reached  unless  X  is  limited  or  I  diffuses  away.  If  the  inhi- 
bition is  on  a  succeeding  enzyme  in  a  sequence: 

El  E^ 

S  ->  Pi  ->  P, 

Ej         E2 

X  ^  I  ^  Y 

that  is,  where  I  inhibits  Eg,  the  kinetics  are  different  than  in  the  previous 
case.  The  rate  of  formation  of  Pg  will  be  progressively  depressed  as  (I) 
rises.  The  level  of  (I),  as  in  any  monolinear  chain,  will  depend  on  the  re- 
lative rates  of  X  ^^  I  and  I  ->  Y;  if  the  latter  is  rapid,  (I)  may  reach  only 
low  levels  and  inhibition  on  Eg  will  be  small.  However,  inasmuch  as  I 
slows  down  its  own  disappearance,  its  concentration  will  slowly  rise  and 
the  inhibition  will  become  greater  and  greater.  If  step  I  ^  Y  does  not 
occur  and  I  accumulates,  the  formation  of  Pg  is  progressively  depressed 
but  (Pj)  may  rise.  If  X  is  limited  in  amount,  after  it  has  been  used  up  the 
inhibition  on  the  formation  of  P2  will  be  the  same  as  if  one  had  added  I 
in  the  initial  concentration  of  X,  providing  the  inhibitor  can  gain  access 
to  the  enzyme.  In  the  case  of  fluoroacetate  added  in  small  amounts,  the 
inhibition  will  reach  a  constant  level  when  the  i^recursor  has  been  utilized, 
but  the  inhibition  will  not  be  the  same  as  if  an  equivalent  concentration 
of  fluorocitrate  were  added,  because  fluorocitrate  cannot  penetrate  readily 
to  the  mitochondrial  aconitase. 

This  example  illustrates  one  of  the  interesting  aspects  of  lethal  synthesis. 
If  an  inhibitor  is  incapable  of  entering  a  cell,  or  any  region  of  a  cell,  a  pre- 
cursor that  can  penetrate  will  allow  the  inhibition  to  be  exerted.  The 
useful  group  of  inhibitors  comprising  the  phosphorylated  substrate  and 
coenzyme  analogs  is  usually  unable  to  penetrate  into  the  cell,  but  the  non- 
phosphorylated  precursors  may  enter  and  be  phosphorylated. 

Inhibition  of  Transport  Systems  in  the  Membrane 

The  substrate  for  an  intracellular  reaction  may  be  obtained  from  outside 
the  cell  and  its  uptake  regulated  or  limited  by  the  activity  of  certain 
proteins  or  enzymes  in  the  plasma  membrane.  Two  general  situations  may 
be  recognized.  The  transport  may  be  active  and  involve  energy  derived 
metabolically,  in  which  case  the  uptake  rate  will  depend  on  a  number  of 
enzymes  as  well  as  the  specific  transport  mechanisms.  On  the  other  hand, 
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the  transport  may  be  facilitated  by  a  combination  with  certain  proteins 
in  the  membrane,  and  no  energy  other  than  for  maintenance  is  required. 
It  is  claimed  that  these  transport  proteins  may  function  similarly  to  en- 
zymes in  that  they  combine  specifically  and  reversibly  with  the  substrate; 
however,  they  act  in  movement  of  the  substrate  from  one  region  to  another 
rather  than  altering  it  chemically.  These  proteins  facilitating  entry  into 
the  cell  have  been  called  permeases  or  translocases. 

The  terms  "permease"  and  "translocase"  are  actually  misleading  when 
applied  to  these  membrane  proteins,  since  the  suffix  "-ase"  implies  that 
they  are  enzymes,  which  they  are  not  in  the  usually  accepted  sense,  since 
do  not  catalyze  a  chemical  reaction;  even  activation  of  the  substrate  proba- 
bly does  not  occur.  If  a  true  alteration  of  the  substrate  occurs  during  its 
passage  through  the  membrane  and  restoration  of  its  original  structure 
occurs  before  release  into  the  cell,  it  would  be  justifiable  tocall  the  catalyz- 
ing proteins  enzymes,  but  no  evidence  for  such  a  mechanism  has  been  pre- 
sented. If  the  substrate  is  altered  at  the  membrane  and  released  into  the 
cell  in  this  altered  form,  it  is  simply  a  matter  of  one  enzyme  in  a  sequence 
being  situated  in  the  membrane  and  there  is  no  need  for  a  special  name. 
The  new  nomenclature  scarcely  improves  the  long-accepted  concept  of 
the  carrier  and  introduces  nothing  unique  with  respect  to  specificity.  It 
must  also  be  admitted  that  there  is  no  direct  evidence  for  specific  combi- 
nations of  substrate  with  membrane  proteins  leading  to  facilitated  dif- 
fusion. 

Whatever  the  exact  nature  of  these  membrane  systems  may  be,  it  is  be- 
coming increasingly  evident  that  cellular  metabolism  can  be  readily  al- 
tered as  a  result  of  interference  with  substrate  uptake.  An  inhibitor  acting 
in  this  manner  could  (1)  compete  with  the  substrate  for  the  transport  sys- 
tem, (2)  inactivate  one  of  the  components  of  the  membrane,  (3)  inhibit  an 
enzyme  involved  in  the  energy  supply  for  an  active  process,  or  (4)  depress 
the  synthesis  of  one  of  the  proteins  or  enzymes  interacting  with  the  sub- 
strate (the  permease  system  is  inducible  and  any  inhibition  of  protein  syn- 
thesis might  prevent  its  formation  or  reduce  its  concentration  in  the  mem- 
brane). In  each  case  the  result  will  be  a  reduction  in  the  supply  of  substrate 
to  some  intracellular  enzyme.  A  decrease  in  substrate  utilization  or  of  any 
metabolic  reaction  will  not  be  evident  unless  the  rate  of  uptake  into  the 
cell  is  limiting  (or  is  made  to  limit)  the  over-all  process.  This  in  turn  will 
depend  on  the  over-all  rate  and  perhaps  the  level  of  activity  of  the  cell. 
When  the  substrate  uptake  is  determining  the  rate,  the  kinetics  of  the  in- 
hibition may  be  reasonably  simple.  Competition  by  the  inhibitor  in  the 
membrane  will  provide  the  same  inhibitor-substrate  relationships  as  if 
the  competition  were  for  a  single  enzyme;  indeed,  it  is  more  apt  to  follow 
the  classic  competitive  laws  than  for  competition  on  an  enzyme  within  a 
cell,  because  concentration  gradients  are  not  as  likely  to  occur.  On  the 
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other  hand,  the  other  possible  mechanisms  enumerated  above  will  generally 
lead  to  very  complex  kinetic  behavior,  although  superficially  it  may  ap- 
pear to  be  simple. 

A  discrepancy  between  the  inhibition  on  a  metabolic  process  in  intact 
cells  and  the  same  series  of  reactions  when  isolated  from  the  cell  may  be 
an  indication  that  transport  systems  are  being  affected,  but  is  not  proof. 
The  only  generally  reliable  method  for  demonstrating  a  selective  inhibition 
on  uptake  is  analysis  for  the  substrate  in  the  cell,  and  this  must  usually 
be  done  with  labeled  material  since  the  intracellular  concentration  may  in 
any  case  be  quite  low.  If  the  transport  is  inhibited,  the  intracellular  con- 
centration of  substrate  will  usually  fall,  but  if  an  enzyme  in  the  cell  is  in- 
hibited, the  substrate  concentration  may  rise.  Mechanisms  (3)  and  (4) 
above  are  not  likely  to  produce  a  specific  inhibition  of  transport  because 
the  same  systems  for  formation  of  energy  and  synthesis  of  proteins  presum- 
ably are  used  throughout  the  cell. 

Inhibition   of  Enzyme  Synthesis 

Many  types  of  inhibitor  can  depress  the  synthesis  of  enzymes.  This  is 
particularly  well  seen  in  the  case  of  adaptive  or  inducible  enzymes.  Protein 
synthesis  is  particularly  susceptible  to  inhibition  because  it  depends  on 
so  many  phases  of  cell  metabolism.  Aside  from  the  complex  series  of  steps 
that  are  directly  related  to  formation  of  protein  —  the  activation  of  amino 
acids,  the  transfer  to  soluble  RNA,  the  transfer  to  ribonucleoprotein,  and 
the  linking  of  peptide  bonds  —  there  are  the  ATP-supplying  reactions  of 
oxidative  phosphorylation,  and  in  some  cases  the  reactions  forming  one 
or  more  of  the  amino  acids  required.  Whenever  an  experiment  is  run  over 
an  interval  of  time  during  which  enzyme  synthesis  is  important,  the  sec- 
ondary inhibition  of  this  process  should  be  taken  into  account,  although 
it  seldom  is.  To  take  one  example,  the  uncoupling  of  oxidative  phosphory- 
lation by  2,4-dinitrophen'Ol  will  not  only  produce  immediate  effects  on  the 
metabolism  but  will-seCondarily  interfere  with  protein  synthesis  and  even- 
tually disturb  various  enzyme  systems  upon  which  it  has  no  direct  action. 
Indeed,  a  "vicious  cycle"  may  be  readily  set  up,  since  failure  in  the  synthe- 
sis of  transport  proteins  or  enzymes  can  further  limit  the  amount  of  energy 
available  for  this  synthesis. 

Enzyme  synthesis  may  be  modified  by  inhibitors  in  other  ways.  An 
amino  acid  analog  may  be  incorporated  into  an  enzyme  as  it  is  synthetized 
and,  as  a  result,  the  catalytic  activity  may  be  lost.  This  has  been  demon- 
strated with  j9-fluorophenylalanine  and  tryptazan.  The  analog  here  is  not 
truly  an  enzyme  inhibitor  but  its  introduction  can  lead  to  a  decrease  in 
enzyme  activity.  Inasmuch  as  enzymes,  like  other  proteins,  are  i^resumably 
formed  on  a  template,  the  binding  or  interaction  of  a  substance  with  this 
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template  may  distm'b  the  synthetic  process.  Some  polypeptide  antibiotics 
may  possibly  inhibit  bacterial  growth  by  this  mechanism.  With  respect  to 
enzyme  inhibitors,  particular  attention  must  be  given  to  those  capable  of 
chemically  reacting  with  protein  or  nucleic  acids  (such  as  the  arsenicals, 
mercurials,  heavy  metals,  alkylating  agents,  and  phosphor ylating  agents). 
Our  ignorance  of  the  exact  nature  of  the  template  surface  prevents  more 
rational  predictions  as  to  the  compounds  most  likely  to  react  there. 

THE  PROBLEM  OF  ENDOGENOUS  METABOLISM 

When  an  unpurified  enzyme  is  being  examined,  it  is  common  to  find  that 
some  enzymic  or  metabolic  activity  is  exhibited  in  the  absence  of  added  sub- 
strate. If  the  effect  of  an  inhibitor  on  the  metabolism  of  the  added  substrate 
is  desired,  some  correction  must  be  applied  to  the  inhibition  observed  on  the 
total  system.  If  the  respiration  of  a  tissue  slice  preparation,  for  example, 
is  being  determined  in  the  presence  of  an  added  substrate,  the  inhibition 
observed  upon  adding  some  substance  cannot  be  quantitatively  equat3d  with 
the  inhibition  on  the  oxidation  of  this  substrate,  unless  the  proper  endoge- 
nous controls  are  also  run.  In  many  reports  this  correction  has  not  been 
made  and  frequently  one  finds  no  mention  of  endogenous  metabolism  in 
situations  where  it  would  be  expected  to  occur.  Let  us  consider  three  exam- 
ples to  illustrate  the  errors  in  interpretation  that  are  possible  (see  tabulation). 


Case  1 

Case  2 

Case  3 

Endogenous 

Endogenous  +  inhibitor 

Substrate 

Substrate  +  inhibitor 

6 

6 

30 

16 

15 
3 

27 
15 

15 
3 

27 
20 

In  the  first  case,  if  the  endogenous  contribution  were  neglected,  the  inhibi- 
tion would  be  calculated  as  46.7%.  However,  the  addition  of  substrate  in- 
creases the  metabolism  by  24  in  the  absence  of  the  inhibitor  and  by  10  when 
the  inhibitor  is  present;  thus  the  inhibition  of  substrate  metabolism  is 
actually  58.4%.  This  example  also  shows  that  even  though  there  is  no  in- 
hibition of  the  endogenous  metabolism,  a  correction  is  necessary.  In  the 
second  case,  the  uncorrected  inhibition  is  44.4%.  However,  addition  of 
substrate  increases  the  rate  by  12  whether  inhibitor  is  present  or  not;  thus 
there  is  actually  no  inhibition  of  the  metabolism  of  the  added  substrate. 
In  the  third  case,  an  inhibition  of  around  26%  would  be  calculated,  and  yet 
the  substrate  produces  a  greater  rise  in  rate  when  the  inhibitor  is  present 
than  in  the  uninhibited  preparation. 
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When  correction  for  the  endogenous  factor  is  made,  it  is  usually  done 
in  the  manner  just  described,  that  is  by  determining  the  relative  effects  of 
adding  substrate  in  the  absence  and  presence  of  the  inhibitor.  This  may 
not  be  justified  in  some  instances.  It  has  been  assumed,  for  example,  that 
the  addition  of  substrate  does  not  alter  the  endogenous  rate,  so  that  the 
exogenous  and  endogenous  rates  are  additive,  but  many  instances  where 
this  is  not  true  can  be  conceived.  It  is,  however,  very  difficult  to  determine 
if  a  change  in  endogenous  rate  does  occur,  unless  the  endogenous  reaction 
is  so  different  from  the  exogenous  one  that  they  can  be  measured  separately 
by  some  means. 

Relations  between  Endogenous  and  Exogenous  Metabolism 

Let  us  now  consider  in  more  detail  the  possible  effects  that  an  added 
substrate  may  have.  There  are  four  cases  which  must  be  analyzed. 

Case  1:  one  enzyme  and  one  substrate  (the  same  enzyme  and  the  same  sub- 
strate are  responsible  for  both  endogenous  and  exogenous  rates). 

S,  +  E  ;=^  ES,  ->  E  +  P 
S    +E;=tES    ^E  +  P 

(The  subscript  e  will  be  used  to  designate  whatever  is  endogenous;  in  this 
case,  S^  and  S  are  the  same  substrate  but  the  former  occurs  with  the  en- 
zyme and  the  latter  is  added.)  The  endogenous  rate  will  be  v^  =  7(S^)/ 
[(S^)  +  £",„]  and  the  rate  after  the  substrate  is  added  will  be  v  =  F[(SJ  + 
(S)]/[(S^)  -f-  (S)  -f  ^„J.  If  no  endogenous  reaction  were  occurring,  the  rate 
due  to  the  added  substrate  would  be  7(S)/[(S)  +  ^„,],  which  is  clearly  not 

V  -  V,. 

Case  2:  one  enzyme  and  two  substrates  (the  endogenous  substrate  is 
different  from  that  added). 

Se  +  E  ^  ES,  ^  E  +  P 
S'  +  E  ^  ES'  ^  E  +  P 

The  individual  rates  would  be  given  by  the  usual  Michaelis-Menten  expres- 
sions but  the  actual  rate  when  S'  is  added  will  be: 

^^(^^)  ^-^ /-^^'^    ,         .-  (9-1) 


(SJ  +  ^1  +  {K,IK,)  (S')        (S')  +K,  +  (K.JK,)  (SJ 

Here  also  the  rates  are  not  additive  because  the  two  substrates  may  be 
considered  as  competing  for  the  same  enzyme. 
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Case  3:  two  enzymes  and  one  substrate  (the  enzyme  responsible  for  the 
endogenous  rate  is  different  from  the  enzyme  which  acts  on  the  added 
substrate). 

S,  +  El  —  ESe  ^  E  +  P 

S   +  E2  —  E^S  ^  E  +  P 

Each  rate  is  given  by  the  characteristic  expression  and  they  are  additive 
to  give  the  total  rate  when  the  substrate  is  added.  This  situation  could 
occur  only  if  the  two  enzymes  are  so  separated  that  the  substrate  from 
different  sources  could  reach  either  one  or  the  other. 

Case  4:  tivo  enzymes  and  two  substrates  (the  endogenous  rate  is  due  to 
one  substrate  and  its  enzyme,  the  exogenous  rate  to  another  substrate  and 
another  enzyme). 

S,  +  El  —  EiS,  ->  El  +  P 

S'  +E,^  E,S'  -^  E^  +  P 

The  individual  rates,  as  in  case  3,  are  additive. 

The  results  will  be  interpreted  differently  depending  on  what  is  measured 
in  the  enzyme  reaction.  It  has  been  assumed  above  that  a  common  product 
is  determined.  If  the  two  substrates  involved  are  two  phosphate  esters, 
one  can  measure  the  inorganic  phosphate  released  during  hydrolysis,  or 
one  can  determine  the  formation  of  the  different  dephosphorylated  frag- 
ments. The  latter  method  gives  more  accurate  information  but  usually 
cannot  be  applied.  In  the  determination  of  respiration  it  is  generally  im- 
possible to  fractionate  the  total  oxygen  uptake  into  the  various  reactions 
proceeding. 

A  rule  for  these  simple  systems  is  seen  to  emerge  from  the  treatment  of 
the  four  cases  above.  The  individual  rates  are  additive  when  two  enzymes 
are  involved  and  are  not  additive  when  a  single  enzyme  is  responsible  for 
both  exogenous  and  endogenous  reactions.  In  practice  it  is  often  difficult 
to  know  if  one  or  more  enzymes  are  participating.  Reiner  (1959,  p.  89) 
has  presented  methods  for  determining  if  one  or  more  than  one  substrate 
or  enzyme  is  involved  in  such  cases.  This  is  the  only  quantitative  approach 
to  the  problem  of  endogenous  metabolism  known  to  the  author. 

Effect  of  Endogenous  Metabolism  on   Inhibition   Kinetics 

The  reciprocal  plot  of  Ijv  against  1/(S),  where  S  is  the  exogenous  sub- 
strate, will  no  longer  be  linear  when  endogenous  metabolism  occurs,  and 
this  is  true  whether  the  endogenous  and  exogenous  rates  are  additive  or  not. 
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The  reciprocal  equation  for  case  1  is: 


1  K 

+ 


F    +  F(S)     1  +  (SJ/(S) 


(9-2) 


the  curve  for  which  is  given  in  Fig.  9-2.  At  low  substrate  concentrations 
the  curve  falls  off  from  linearity,  as  pointed  out  by  Reiner  (1959,  p.  89). 


Fig.  9-2.  Effect  of  endogenous  metabolism 
on  the  determination  of  the  enzyme  con- 
stants in  the  double  reciprocal  plot  (Eq. 
9-2).  (Sg)  is  the  concentration  of  the  en- 
dogenous substrate. 

From  Eq.  9-1,  it  is  seen  that  case  2  will  also  not  provide  a  straight  line. 
Finally,  in  cases  3  and  4,  where  the  total  rate  mav  be  written  in  the  form: 


«      =:      C      + 


F(S) 


(S)  +  K, 


(9-3) 


the  constant  endogenous  rate  being  represented  by  C,  Ijv  is  also  not  lin- 
ear with  1/(S). 

When  an  inhibitor  is  used,  the  interpretation  of  the  usual  plots  must 
also  be  made  with  caution  if  there  is  an  endogenous  factor.  This  can  best 
be  illustrated  by  discussing  certain  aspects  for  each  of  the  four  possible 
cases  described  above.  There  are  basically  two  questions:  (1)  what  is  the 
relation  of  the  total  inhibition  to  the  individual  inhibitions,  and  (2)  how 
does  endogenous  metabolism  affect  the  characteristics  of  the  common  ana- 
lytical plots? 


THE    PROBLEM    OF   ENDOGENOUS   METABOLISM 


445 


(a)   Case  1:  one  enzyme  and  one  substrate 

For  noncompetitive  inhibition,  both  factors  in  Eq.  9-2  are  multiplied  by 
1  +  [{I)  IK,];  hence  the  intercept  and  slope  will  be  increased  by  this  term 
and  the  curves  will  appear  as  in  Fig.  9-3.  This  presents  no  particular  prob- 
lem unless  the  nonlinearity  is  interpreted  as  arising  from  another  mech- 


Fig.  9-3.  Effect  of  endogenous  metabolism 
on  the  determination  of  the  inhibitor  con- 
stant. The  intercepts  of  both  the  uninhi- 
bited and  the  inhibited  reaction  curves  are 
unchanged  but  the  slopes  are  altered;  it  is 
thus  impoi'tant  that  sufficiently  high  sub- 
strate concentrations  be  used  in  order  to 
determine  these   intercepts. 


anism.  On  the  other  hand,  the  plot  of  l/v,  against  (I)  will  remain  a  straight 
line,  but  the  intercept  and  slope  will  each  contain  the  term  (S^)  -f  (S)  in 
place  of  (S)  (see  Fig.  5-3D).  The  fractional  inhibition  will  be  the  same  as 
the  inhibition  on  either  the  endogenous  reaction  or  the  exogenous  reaction 
alone,  since  each  rate  expression  will  be  multiplied  by  K,'[(l)  -f  K^]  (Eq. 
3-16).  Thus  any  plots  using  i  will  not  be  altered  by  the  endogenous  factor. 
The  fractional  inhibition  for  a  competitive  inhibitor,  however,  will  not  be 
the  same  for  each  individual  reaction  and  the  total  reaction,  because  it  de- 
pends on  the  sul)strate  concentration.  That  is,  the  inhibition  found  on  the 
total  reaction  will  be  less  than  would  have  occurred  if  only  the  added 
substrate  were  i)resent.  It  may  also  be  noted  that  if  only  the  slope  and 
intercept  values  are  used  in  the  Ijv  against  (I)  plot,  an  incorrect  value  for 
K,  may  be  calculated  when  only  (S)  is  used  instead  of  (S^)  -{-  (S)  (see 
Fig.  5-lD). 
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(b)  Case  2:  one  enzyme  and  two  substrates 

If  a  noncompetitive  inhibitor  affects  the  rate  for  each  substrate  equally, 
which  is  likely  but  not  necessary,  the  inhibition  on  the  total  reaction  will 
be  the  same  as  for  the  individual  reactions,  but  for  competitive  inhibition 
the  problem  is  more  complex  because  competition  with  the  two  substrates 
may  be  different.  Also  the  same  effect  noted  in  case  1,  the  effect  of  total 
substrate  concentration,  will  occur  here.  The  situation  actually  involves 
competition  for  an  enzyme  by  two  substrates  and  an  inhibitor.  In  this  case 
not  even  the  l/v,  against  (I)  plot  will  be  linear  since: 


Vi    = 


F,(Se 

(SJ  +  K, 

hm 

h'-] 

+ 


F,(S'] 

(S')+^2 

h'r] 

(9-4) 
(c)  Case  3:  two  enzymes  and  one  substrate 

When  only  one  of  these  enzymes  is  inhibited  noncompetitively  to  the  ex- 
tent i,  the  inhibition  on  the  total  system  will  be  ^,  =  i  (vjvi)  in  case  the 
endogenously  active  enzyme  is  affected  and  i[  =  i  [vjv,)  when  it  is  the  en- 
zyme acting  on  the  added  substrate  that  is  affected.  The  inhibition  on  the 
enzyme  is  thus  quite  easy  to  calculate  if  the  endogenous  controls  are  run. 
The  plots  of  Ijvi  against  either  1/(S)  or  (I)  will  be  nonlinear,  but  plots  with 
1/v  (where  v  is  obtained  by  correction  for  the  endogenous  metabolism)  will 
be  linear.  Similar  conclusions  apply  to  competitive  inhibition.  It  may  be 
noted  that  when  the  inhibitor  acts  on  both  enzymes,  i\  on  the  enzyme  re- 
sponsible for  the  endogenous  activity  and  ^  on  the  enzyme  acting  on  the 
added  substrate,  the  total  inhibition  is  given  by: 


(9-5) 


where  v.  is  the  endogenous  rate  and  v  is  the  rate  due  to  the  added  substrate. 


(d)  Case  4:  two  enzymes  and  two  substrates 

Since  the  rates  of  the  separate  reactions  are  additive,  what  has  been 
said  about  case  3  applies  equally  here.  There  is  perhaps  more  opportunity 
for  a  specific  inhibition  of  one  enzyme  than  in  the  previous  case. 

It  is  important  to  examine  the  effects  of  the  substrate  concentration  on 
inhibition  in  systems  with  two  or  more  enzymes.  The  total  inhibition  of 
the  system  when  the  enzyme  depressed  is  the  one  acting  on  the  added  sub- 
strate may  be  written  as: 


(I) 
(I)  +  K, 


(9-6) 
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The  fraction  vj{Vg  +  v)  may  vary  with  the  substrate  concentration  and  hence 
the  inhil)ition  depends  on  (S),  even  though  the  inhibition  is  noncompetitive. 
The  total  inhibition  may  either  rise  or  fall  as  the  substrate  concentration 
is  increased,  depending  on  the  relative  values  of  F,„  and  K,  for  the  two  en- 
zymes. It  is  quite  possible  that  noncompetitive  inhibition  might  be  inter- 
preted as  competitive  under  certain  circumstances  if  correction  for  the  endo- 
genous metabolism  is  not  made. 

INHIBITOR-STABLE  METABOLISM 

An  inhibitor  will  frequently  depress  a  metabolic  process  in  cells  or  tis- 
sues incompletely,  even  though  the  concentration  of  the  inhibitor  is  raised 
to  reasonably  high  levels,  at  least  sufficiently  high  to  produce  nearly  com- 
plete inhibition  of  the  enzyme  system  attacked  when  that  system  is  isolated 
from  the  cell.  The  interpretation  of  the  inhibitor-stable  fraction  and  the 
factors  that  determine  its  magnitude  are  often  of  importance  in  inhibition 
studies.  The  most  informative  discussion  of  this  phenomenon  is  that  of 
Commoner  (1940)  although  he  was  concerned  only  with  cyanide.  He  ijointed 
out  that  changes  in  the  cyanide-stable  fraction  of  respiration  during  em- 
bryogenesis  and  cellular  activation  could  be  used  to  elucidate  the  metabolic 
mechanisms  and  he  proposed  a  simple  formulation,  which  was  applied  with 
success  to  respiratory  inhibition  in  many  tissues.  The  total  respiration  was 
assumed  to  be  made  up  of  two  fractions,  one  sensitive  and  one  resistant  to 
cyanide,  the  latter  relatively  constant: 

Vt  =  Vr  +  «s  (9-7) 

(total)  (resistant)        (sensitive) 

Alteration  of  substrate  concentration  or  changes  in  tissue  function  have 
marked  effects  on  u,  without  modifying  i\  appreciably.  The  total  respiration 
thus  depends  primarily  on  the  level  of  v,  and  so  the  degree  of  inhibition 
produced  by  cyanide  also  depends  on  the  total  rate  of  respiration.  This 
may  be  seen  by  plotting  Vf  against  v^  (Fig.  9-4)  where  a  straight  line  of  45^ 
inclination  intersecting  the  v,  axis  at  v^  is  obtained.  It  may  be  shown  that 
the  inhibition  of  resi)iration  is  given  by: 

it  =  i  (Vslvt)  (9-8) 

where  i  is  the  inhibition  of  cytochrome  oxidase  in  the  case  of  cyanide.  If 
the  inhibition  of  the  oxidase  is  complete  and  v^  is  assumed  to  be  10,  the 
inhibition  of  the  total  respiration  is  9%  when  v,.  =  1,  33%  when  Vg  = 
5,  67%  when  v,  =  20,  and  83%  when  v^  =  50.  As  a  consequence,  respira- 
torj^  inhibition  need  not  give  a  quantitative  measure  of  the  inhibition  on 
the  enzyme  attacked.  One  must  determine  the  true  inhibitor-stable  frac- 
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tion  if  the  enzyme  inhibition  is  to  be  obtained,  and  Eq.  9-8  be  rewritten 
to  show  how  this  enzyme  inhibition  is  related  to  the  measured  inhibition: 


i  =  it  [1    +  (VrlVs)] 


(9-9) 


Since  v^  depends  on  the  substrate  concentration  in  many  cases  —  and  on 
the  particular  substrate  used  also  —  the  degree  of  inhibition  will  likewise 


Fig.  9-4.  Graphical  representation  of  inhi- 
bitor-resistant metabolism.  As  the  sensitive 
fraction  of  the  metabolism  is  inhibited,  the 
total  metabolism  will  decrease  as  indicated 
by  this  line.  See  Eq.  9-7. 


vary  with  the  metabolic  state  of  the  cells  and  the  availability  of  both  en- 
dogenous and  exogenous  substrates.  The  increased  sensitivity  to  cyanide 
of  cells  that  are  functionally  activated  (as  during  fertilization  of  marine 
eggs,  development  of  insect  embryos,  or  germination  of  Neurospora  spores) 
may  be  related  merely  to  the  increased  respiratory  rate,  due  possibly  to 
greater  availability  of  the  substrate. 

The  assumptions  of  this  treatment  should  be  borne  in  mind.  The  con- 
stancy of  the  inhibitor-stable  respiration,  v^  under  various  conditions, 
is  probably  approximate  only.  Examination  of  the  graphs  presented  by 
Commoner  shows  that  deviation  of  the  experimental  points  from  the  ideal 
straight  lines  is  marked  in  some  cases.  In  determining  accurately  the  in- 
hibitor-stable fraction,  it  is  necessary  that  the  enzyme  inhibited  be  com- 
pletely blocked  and  since  the  top  portion  of  the  inhibition-concentration 
curves  is  quite  flat,  total  inhibition  is  sometimes  not  easy  to  obtain.  For 
example,  in  simple  noncompetitive  inhibition,  if  K^  =  0.1  mM,  although 
1  milf  inhibitor  will  depress  91%,  it  requires  10  niM  to  inhibit  99%.  Fur- 
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thermore,  the  intracellular  inhibitor  concentration  is  often  less  than  in  the 
medium  and  a  selected  concentration,  based  on  nearly  complete  inhibition 
of  an  isolated  enzyme,  will  not  necessarily  achieve  the  desired  effect  in  the 
cell.  For  this  reason,  it  is  advisable  to  plot  a  curve  of  the  metabolic  rate 
against  the  inhibitor  concentration  to  determine  the  level  necessary  to 
induce  maximal  inhibition,  rather  than  to  rely  on  isolated  enzyme  studies. 
Finally,  it  is  unfortunate  that  this  formulation  has  not  been  extended  to 
other  inhibitors  to  see  if  or  when  it  is  applicable.  There  are  certainly  some 
forms  of  inhibitor-stable  metabolism  to  which  this  simple  treatment  would 
not  be  valid,  as  will  be  described  below. 

Some  of  the  conditions  responsible  for  an  inhibitor-stable  fraction  of  the 
metabolism  will  now  be  discussed. 

I.  Presence  of  branched,  polylinear,  or  parallel  chains.  When  there  is  more 
than  one  pathway  for  the  utilization  of  a  substrate  or  the  formation  of 
a  product,  inhibition  of  an  enzyme  in  only  one  of  these  paths,  even  though 
it  is  complete,  will  generally  not  reduce  the  total  process  completely.  The 
total  respiration  of  a  cell  is  usually  made  up  of  several  i^athways,  some  of 
which  are  branched  and  interrelated,  some  of  which  are  separate,  often 
utilizing  different  substrates,  so  that  the  inhibition  of  any  particular 
enzyme  will  seldom  block  every  pathway.  There  are  many  examples  which 
may  be  cited.  In  a  tissue  possessing  an  active  hexose  monox)hosphate  shunt, 
the  action  of  an  inhibitor  such  as  iodoacetate  (which  here  fairly  selectively 
blocks  the  triosephosphate  step  in  the  Embden-Meyerhof  pathway)  will 
not  completely  depress  glucose  utilization  or  oxygen  uptake.  In  some  tis- 
sues the  arsenicals,  by  blocking  the  pyruvic  oxidase,  may  essentially  com- 
pletely prevent  the  utilization  of  pyruvate,  but  in  others,  especially  micro- 
organisms, there  are  other  pathways  of  pyruvate  metabolism  not  susceptible 
to  the  arsenicals.  Again,  if  formation  of  ATP  is  being  determined,  2,4- 
dinitrophenol  will  not  always  reduce  this  to  zero  because  the  uncoupling 
action  is  not  exerted  on  phosphorylation  linked  with  substrate  level  trans- 
fers. There  is  evidence  that  cytochrome  c  may  be  oxidized  not  only  by  the 
cytochrome  a  and  ag  systems  but  by  a  peroxidase  (Chance  and  Williams, 
1956),  so  that  an  inhibitor  acting  on  cytochrome  ag,  but  relatively  less  on 
peroxidase,  could  not  completely  abolish  the  uptake  of  oxygen.  Conditions 
such  as  these  are  perhaps  the  most  important  in  explaining  inhibitor- 
stable  metabolism. 

II.  Reactions  proceed  ahead  of  tJte  step  blocked  in  a  chain.  If  in  a  monolin- 
ear  chain  such  as  A  ^  B  ->  C  ^  D,  the  last  step  is  blocked,  the  ear- 
lier reactions  may  continue.  A  complete  block  at  a  single  enzyme  in  a  se- 
quence of  oxidations  will  allow  oxygen  to  be  taken  up  in  all  the  steps  occur- 
ring before  the  block.  This  may  also  occur  in  cyclic  systems.  When  the  suc- 
cinic dehydrogenase  in  the  tricarboxylic  acid  cycle  is  inhibited,  the  cycle 
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must  stop  if  it  is  operating  under  self-regenerating  conditions,  but  if  there 
is  a  supply  of  oxalacetate  (or  fumarate  or  malate),  pyruvate  will  continue 
to  enter  the  cycle  and  the  oxygen  uptake  will  be  depressed  to  a  limited 
degree.  The  cycle  blocked  at  aconitase  by  fluorocitrate  will  continue  to 
incorporate  pyruvate  and  take  up  oxygen  as  long  as  some  source  of  oxal- 
acetate is  available,  which  in  this  case  could  even  be  glutamate. 

III.  Maintenance  of  the  steady  state  in  multienzyme  systems.  In  Chapter  7 
it  has  been  shown  that  many  types  of  multienzyme  systems  can  be  re- 
sistant towards  inhibition,  principally  because  of  the  adjustment  that  is 
possible  in  the  concentrations  of  the  intermediates.  This  is  particularly 
true  for  competitive  inhibition  where  the  accumulation  of  the  substrate 
for  the  inhibited  enzyme  counteracts  this  inhibition.  One  of  the  reasons 
for  the  failure  of  malonate  to  depress  significantly  the  respiration  of  many 
tissues  may  be  the  increase  in  the  succinate  concentration  resulting  from 
the  inhibition. 

IV.  Shift  in  metabolic  pathway.  Initially  the  total  rate  may  be  due  to  a 
single  pathway  or  enzyme  but  upon  inhibition  another  pathway  becomes 
available.  The  increase  in  one  branch  of  a  divergent  chain  as  a  result  of 
the  depression  of  the  other  branch  has  been  discussed,  but  one  may  note 
here  that  under  normal  conditions  one  pathway  may  be  almost  inactive 
due  to  kinetic  factors  and  yet  may  contribute  to  the  inhibitor-stable  me- 
tabolism when  the  substrate  concentration  rises.  Another  type  of  adjust- 
ment that  can  take  place  is  a  true  adaptation  of  the  cell  in  the  synthesis 
of  enzymes  catalyzing  a  new  pathway;  this,  however,  is  not  so  much  a 
mechanism  to  explain  the  stable  metabolism  as  a  means  of  achieving 
this  condition. 

V.  Failure  to  inhibit  the  enzyme  or  pathway  completely.  Although  the  ex- 
ternal concentration  of  inhibitor  may  be  high  enough  to  inhibit  an  enzyme 
completely  when  it  is  isolated  from  the  cell,  only  partial  inhibition  of  the 
intracellular  enzyme  may  occur  for  reasons  discussed  earlier  in  this  chapter, 
namely  the  failure  of  the  inhibitor  to  enter  the  cell  at  the  external  level 
or  the  fact  that  the  environment  of  the  intracellular  enzyme  is  different. 
When  the  metabolism  is  stable  to  an  inhibitor  simply  because  it  does  not 
enter  the  cell  readily,  it  is  perhaps  best  not  to  consider  this  as  inhibitor- 
stable  metabolism  in  the  sense  of  this  section,  because  basically  it  is  not 
the  metabolism  that  is  stable.  However,  this  factor  can  lead  to  errors  in 
interpretation  and  in  most  cases  it  is  difficult  to  determine  the  extent  of 
inhibition  within  the  cell. 

VI.  A  reserve  store  of  intermediate  past  the  block.  In  any  sequence  of  en- 
zyme reactions,  complete  block  of  a  step  need  not  necessarily  stop  the 
formation  of  final  product  immediately  since  a  supply  of  the  intermediates 
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may  be  available.  Although  this  is  not  common,  it  does  occur  occasionally. 
When  formation  of  ATP  is  suddenly  stopped,  phosphorylation  reactions 
will  proceed  until  the  ATP  is  exhausted,  and  in  this  case  a  reserve  source 
of  high-energy  phosphate  is  often  present  as  creatine  phosphate  which  can 
be  used  to  maintain  the  ATP  for  an  interval. 

It  is  now  clear  that  the  original  formulation  of  the  total  metabolism 
as  being  made  up  of  two  parts,  a  sensitive  and  a  resistant  fraction,  is  not 
valid  for  all  cases;  the  resistant  pathway  may  not  even  be  operative  in  the 
uninhibited  cell  and  its  eventual  magnitude  may  depend  on  a  number  of 
factors.  It  is  also  evident  that  it  is  not  justifiable  to  conclude  without  evi- 
dence that  the  resistant  fraction  of  the  metabolism  is  different  qualitatively 
from  the  sensitive  fraction.  In  the  early  speculations  on  cyanide-stable 
respiration  it  was  often  believed  that  this  originated  from  noncarbohydrate 
substrates,  simply  because  the  respiration  resulting  from  added  sugars 
was  mainly  sensitive  to  cyanide,  but  this  differentiation  is  no  longer  neces- 
sary. The  relationship  of  the  stable  fraction  to  cell  function  is  important 
and  will  be  taken  up  in  a  later  section. 

STIMULATION  OF  METABOLISM  BY  INHIBITORS 

It  might  seem  paradoxical  for  an  enzyme  inhibitor  to  increase  the  rate 
of  some  phase  of  metabolism  but  actually  such  stimulation  is  not  at  all  un- 
common. It  is  probably  justifiable  to  say  that  the  greater  the  number  of 
interrelated  enzymes  in  the  total  system,  and  the  greater  the  complexity 
and  organization  of  the  metabolic  pathways,  the  more  likely  will  it  be  that 
stimulation  can  occur.  Although  this  stimulation  is  generally  of  cell  me- 
tabolism or  of  functions  related  to  metabolism,  it  has  also  been  observed 
on  single  enzymes. 

There  may  be  some  doubt  in  the  mind  of  the  reader  as  to  the  advisability 
of  designating  substances  that  stimulate  as  inhibitors.  Some  explanation 
of  what  is  implied  is  necessary.  In  the  first  place,  we  are  concerned  in  these 
volumes  with  substances  that  are  generally  considered  as  inhibitors  of 
enzymes  or  metabolic  processes.  Now,  although  these  substances  may  be 
inhibitory  to  many  enzymes  (or  to  one  or  a  few  specifically),  they  can  in  some 
cases  exert  a  stimulatory  action  on  other  enzymes.  These  latter  actions  must 
be  taken  into  account  in  any  treatment  of  the  effects  these  substances 
produce  in  living  material.  One  must  speak  not  only  of  the  beneficial 
therapeutic  actions  of  drugs  but  also  of  their  toxic  effects;  likewise,  one 
cannot  consider  only  the  inhibitory  aspect  of  compounds  such  as  cyanide, 
iodoacetate.  or  arsenite,  and  it  is  necessary  to  include  every  jDOSsible  effect 
they  may  have  on  cells  and  organisms.  Secondly,  a  substance  may  produce 
a  stimulatory  effect  by  a  primary  inhibitory  action  on  an  enzyme;  the 
response  of  the  particular  rate  measured  need  not  be  identical  with  the 
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fundamental  cliange  brought  about  by  the  inhibitor.  Possible  mechanisms 
for  such  behavior  will  be  discussed  presently.  Lastly,  a  substance  may  ex- 
hibit a  biphasic  action  involving  stimulation  at  lower  concentrations  and 
inhibition  at  higher  concentrations.  The  primary  action  of  interest  may 
be  the  inhibition,  for  which  the  substance  is  being  used,  but  unfortunately 
the  substance  exerts  both  actions  despite  the  purpose  of  the  investigation. 

Although  many  examples  of  various  types  of  stimulation  brought  about 
by  enzyme  inhibitors  will  be  given  in  the  chapters  on  the  inhibitors,  a  few 
illustrations  of  the  phenomenon  may  serve  to  make  the  presentation  more 
concrete.  Arsenite,  although  a  general  enzyme  inhibitor,  has  been  found  to 
stimulate  papain  (Bersin,  1934),  malic  dehydrogenase  (Green,  1936),  uric- 
ase  (Mahler  et  al.,  1955),  hexose  diphosphatase  (Peters  et  al.,  1946),  and 
the  Pj-ATP  exchange  enzyme  (Plant,  1957).  Likewise,  it  has  been  shown  to 
stimulate  resi)iration  of  spermatozoa  (Barron  et  al.,  1948b;  Humphrey, 
1950),  diatoms  (Lewin,  1955),  Trichomonas  (Ryley,  1955),  and  yeast  (Shac- 
ter,  1953),  despite  the  fact  that  in  most  cells  or  tissues  a  marked  inhibition 
is  observed.  Some  of  the  quinones,  although  very  inhibitory  to  enzymes 
such  as  papain,  ijroteinases,  pyruvic  decarboxylase,  urease,  and  lipase,  are 
known  to  stimulate  deoxyribonuclease  (Hoffmann-Ostenhof  and  Frisch- 
Niggemeyer,  1952);  and,  although  inhibitory  to  the  respiration  of  many 
tissues,  they  may  stimulate  that  of  Arbacia  eggs  (Anfinsen,  1947),  sperma- 
tozoa (Lardy  and  Phillips,  1943),  mammalian  erythrocytes  (Friedheim, 
1934;  Supniewski  et  al.,  1936),  and  mouse  liver  and  muscle  (Supniewski 
et  al.,  1936).  Phenylmercuric  compounds  inhibit  succinoxidase  (Cleland, 
1949)  and  muscle  ATPase  (Polls  and  Meyerhof,  1947)  almost  completely 
at  1  mM  but  both  enzymes  are  stimulated  by  concentrations  around 
0.01  mM.  An  interesting  example  of  selective  stimulation  has  been  found 
in  yeast  (Lundsgaard,  1930b;  Nilsson  et  al.,  1931),  where  iodoacetate  at 
a  concentration  almost  completely  inhibiting  fermentation  may  have  a 
stimulating  effect  on  respiration.  The  ability  of  malonate  to  increase  the 
utilization  of  substrates  such  as  /5-ketoglutarate  in  heart  mitochondria  has 
been  reported  (Slater  and  Holton,  1954)  and  we  have  noted  a  15-30% 
increase  in  pyruvate  incorporation  in  such  mitochondria  when  low  con- 
centrations of  malonate  are  used.  The  biphasic  action  is  i^articularly  well 
shown  in  the  actions  of  fluoride  and  azide  on  the  endogenous  respiration 
of  yeast  (Borei,  1942).  In  the  case  of  fluoride,  a  stimulation  greater  than 
100%  may  occur  at  20  mM,  while  at  30  mM  a  70%  inhibition  takes  its 
place.  These  are  only  a  few  randomly  chosen  examples  of  stimulation  but 
they  are  perhaps  suffcient  to  indicate  the  widespread  occurrence  of  this 
effect  and  the  different  ways  in  which  it  may  be  manifested. 

There  are  many  possible  mechanisms  which  may  be  hypothesized  to 
explain  these  instances  of  stimulation  but  there  is  little  experimental  evi- 
dence to  implicate  a  particular  mechanism  in  any  situation.  Some  of  the 
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more  obvious  ways  in  which  stimulation  could  be  produced  will  now  be 
considered  briefly. 

I.  Remotxd  or  inactivation  of  some  inhibiting  substance.  This  tyjje  of  stimu- 
lation probably  is  more  frequently  observed  in  disintegrated  cell  prep- 
arations and  extracts  because  the  breakdown  of  the  normal  organization 
may  expose  an  enzyme  to  substances  from  which  it  is  usually  separated. 
The  only  well-established  cases  involve  the  removal  of  an  inhibitory  metal 
ion.  Thus  chelating  agents,  such  as  EDTA  or  o-phenanthroline,  or  substan- 
ces forming  complexes  with  metal  ions,  such  as  cyanide,  have  been  shown 
to  increase  the  activity  of  certain  enzymes  by  removing  traces  of  heavy 
metal  ions  from  the  medium.  Yet,  because  of  this  same  ability  to  combine 
with  metal  ions,  these  agents  can  simultaneously  inhibit  other  enzymes 
or  eventually  even  the  enzyme  activated.  Ions  such  as  Ca"^"^  and  Mg"^"*" 
may  also  be  involved  and  the  effects  of  inhibitors  such  as  EDTA  or  malo- 
nate  can  sometimes  be  partially  attributed  to  the  reduction  of  the  con- 
centration of  these  ions.  It  is  easy  to  stimulate  ATPase  activity  with  mal- 
onate  when  either  Ca"^"^  or  Mg"^"^  is  unfavorably  high. 

The  conditions  necessary  for  stimulation  when  only  one  enzyme  is  pre- 
sent are  given  by  Reiner  (1959,  p.  173).  The  reactions  are: 

S  -f  E  —  ES  -^  E  +  P        K, 
Ii  -f  E  -  EI,  K, 

I2  +  E  —  EI2  A% 

I:    +  I2    ^    IJ.  K,, 


If  the  amount  of  either  inhibitor  bound  to  enzyme  is  neglected,  the  reaction 
rate  is  given  by: 

F„,(S) 


Vi   = 


(S)  +  K, 


1  + 


di)     ,    (I. 


K, 


K, 


(9-10) 


where  the  free  inhibitor  concentrations  are: 


di) 
(I2) 


{Ii)t 


1  +  [{h)IK,,] 


(9-11) 


(9-12) 


Ii  will  be  assumed  to  be  the  inhibiting  substance  present  with  the  enzyme 
and  I2  the  inhibitor  added;  it  is  the  possible  stimulation  by  Ig  we  are  now 
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concerned  with.  When  (Ig)  =  0  the  enzyme  will  be  inhibited  by  I^  to  a  cer- 
tain degree,  and  when  (Ig)  is  very  high  the  rate  will  be  zero.  To  determine 
if  a  maximum  in  the  rate  curve  occurs  as  (Ig)  is  increased,  the  derivative 
dvjdil^)  may  be  determined;  it  is  simpler  to  take  the  derivative  of  the 
denominator  of  Eq.  9-10  and  equate  it  to  zero  since  a  minimum  in  this 
denominator  implies  a  maximum  in  the  rate. 

ihhna.  =  V  K,K,,a,),IK,  -  K,,  (9-13) 

where  0-2)max  i^  the  inhibitor  concentration  giving  the  maximal  rate.  If 
K<^{l-i)tJK^  is  greater  than  ^^2'  (^'dynax  will  have  a  positive  value.  Thus 
the  possibility  of  stimulation  depends  on  the  concentration  of  the  original 
inhibitor,  the  relative  affinities  of  the  two  inhibitors  for  the  enzyme  and 
the  dissociation  constant  of  the  I^Ig  complex.  When  these  factors  are 
favorable,  a  plot  of  Eq.  9-10  will  show  a  biphasic  effect  as  (Ig)  is  increased. 
The  relationships  may  be  a  great  deal  more  complex,  however,  if  the  initial 
inhibitor  is  a  metal  ion  that  can  function  both  as  an  activator  and  inhibitor, 
as  Mg++  and  Ca++  with  ATPase. 

II.  Alteration  of  metabolic  fow  in  multienzyme  systems.  Some  examples 
of  this  mechanism  have  already  been  discussed  in  Chapter  7.  It  is  usually 
exhibited  in  divergent  or  polylinear  chains  when  one  pathway  is  inhibited. 
The  over-all  flow  rate  may  not  be  altered  but  the  activity  in  a  particular 
pathway  may  be  increased.  Thus  the  appearance  of  stimulation  will  depend 
on  what  aspect  of  the  total  system  one  is  examining.  For  example,  a 
branched  chain  of  the  following  type: 

,  C  ^  O, 
A  ^  B  ^ 

\d 

where  B  can  either  be  oxidized  or  enter  into  the  synthesis  of  D,  will,  upon 
inhibition  of  B->  C,  appear  to  be  inhibited  if  oxygen  uptake  is  being  meas- 
ured, to  be  stimulated  if  synthesis  of  D  is  determined,  or  to  be  unaffected 
if  utilization  of  A  is  the  criterion  of  rate.  This  mechanism  is  actually  a  di- 
version of  metabolism  rather  than  a  true  stimulation,  but  nevertheless  it 
manifests  itself  as  stimulation  and  in  most  cases  it  is  difficult  to  distin- 
guish it  from  a  direct  effect.  Electron  transport  systems  apparently  have 
phosphorylating  and  nonphosphorylating  pathways  and  a  shift  from  one 
to  the  other,  brought  about  by  specific  inhibition,  could  increase  or  de- 
crease the  rate  of  formation  of  ATP  and  all  the  reactions  dependent  upon 
ATP.  The  inhibition  of  cytochrome  oxidase  with  cyanide  increases  the  di- 
version of  hydrogen  atoms  to  methylene  blue  or  other  acceptor  dyes; 
without  knowledge  of  the  situation  here,  one  might  conclude  that  cyanide 
stimulated  the  oxidation  of  the  substrate.  These  examples  show  that  care 


STIMULATION    OF    METABOLISM    BY    INHIBITORS  455 

must  be  exercised  in  the  interpretation  of  a  stimulatory  response  to  an 
inhibitor. 

III.  Reduction  in  enzyme  concentratioyi  leads  to  an  increased  rate.  In  cer- 
tain instances  where  a  dissociable  coenzyme  or  activator  is  required,  in- 
crease in  the  concentration  of  enzyme  will  augment  the  rate  only  up  to  a 
point  and  then  the  rate  will  fall  off.  This  is  shown  very  well  by  lactic  de- 
hydrogenase (Straub,  1940)  and  probably  is  a  general  phenomenon  for 
such  enzymes.  If  in  the  cell  the  enzyme  concentration  is  in  the  range 
of  decreasing  rate,  the  decrease  in  enzyme  resulting  from  the  action  of  an 
inhibitor  would  actually  stimulate.  It  is  quite  possible  that  such  high 
concentrations  of  enzyme  occur  in  the  cell,  or  at  least  in  limited  regions, 
and  so  this  type  of  stimulation  should  not  be  ignored  although  at  present 
there  is  no  evidence  that  it  is  the  mechanism  in  any  particular  case. 

IV.  Reversal  of  a  dynamic  equilibrium.  In  growing  cells  there  is  a  constant 
incorporation  of  amino  acids  and  their  synthesis  into  proteins  with  the 
energy  provided  by  ATP: 

Amino  acids  +  ATP  — >  protein 

Simultaneously  the  proteins  are  broken  down,  presumably  by  proteolytic 
enzymes  in  the  cell: 

Protein  ->  amino  acids 

This  type  of  dynamic  equilibrium  can  be  disturbed  by  an  inhibitor  of 
either  reaction.  If  the  formation  of  ATP  is  depressed,  as  with  2,4-dinitro- 
phenol,  the  over-all  process  may  be  one  of  protein  breakdown;  from  limited 
observations  it  might  be  concluded  that  2,4-dinitrophenol  stimulated  pro- 
teolysis. In  any  equilibrium  of  this  nature,  inhibition  of  one  reaction  will 
tend  to  increase  the  other  one  relatively. 

V.  Depression  of  a  reaction  controlling  metabolism.  The  ability  of  a  living 
cell  to  adjust  its  metabolism  according  to  its  functional  activity  makes  it 
necessary  for  the  principal  metabolic  pathways  to  be  under  some  sort  of 
controlling  or  regulating  mechanism.  Thus  many  metabolic  reactions  do 
not  operate  at  the  maximal  rate  in  the  normal  resting  cell.  The  removal  of 
the  restricting  control  will  manifest  itself  as  stimulation.  One  of  the  chief 
regulatory  mechanisms  involves  the  adenine  nucleotides.  The  obligatory 
coupling  of  oxidation  with  phosphorylation  in  some  electron  transport 
chains  limits  the  rate  of  electron  flow,  so  that  any  uncoupling  agent  may 
accelerate  oxidation.  Another  very  important  metabolic  control  is  the  Pas- 
teur-Crabtree  relationship  between  glycolysis  and  oxidative  processes, 
whereby  the  concentrations  of  the  nucleotides  and  inorganic  phosphate 
both  control  and  are  determined  by  the  rates  of  the  various  reactions.  It 
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is  thus  possible  for  inhibitors  of  oxidation,  such  as  cyanide,  to  stimulate 
the  utilization  of  glucose,  and  for  other  inhibitors,  acting  at  different  loci, 
to  modify  the  rates  of  reactions  secondarily. 

There  are  many  other  mechanisms  which  may  be  postulated  and  it  will 
suffice  to  mention  a  few  of  these.  The  inhibition  of  an  enzyme  that  destroys 
some  important  metabolic  substance  may  increase  the  steady-state  level  of 
this  substance  and  accelerate  reactions  with  which  it  is  concerned.  Inhibi- 
tion of  ATPase,  for  example,  can  secondarily  influence  many  reactions  de- 
pendent on  ATP.  The  inhibitor  may  also  increase  permeability  in  some 
manner  and  thus  stimulate  reactions  whose  rates  are  limited  by  access  of 
substrate  to  the  enzyme,  or  it  may  either  directly  or  indirectly  damage  the 
cell  so  that  the  structural  disorganization  will  allow  reactions  to  be  released 
from  their  normal  control,  which  may  be  simply  a  spatial  separation  of 
reactants.  Any  change  in  functional  activity  induced  by  an  inhibitor  can 
in  turn  alter  metabolism;  the  temporary  stimulation  often  observed  in 
nerve  and  muscle  following  the  application  of  an  inhibitor  could  be  related 
to  the  partial  depolarization  of  the  membrane,  with  consequent  flow  of 
ions  and  activation  of  pump  mechanisms.  Some  attention  has  been  given 
to  the  protection  of  the  enzyme  against  denaturation,  due  to  combination 
with  the  inhibitor  and  stabilization  of  the  active  structure  (Spiegelman 
and  Reiner,  1945;  Reiner,  1959,  p.  171),  but  it  seems  unlikely  that  dena- 
turation within  the  cell  would  be  of  significance  in  determining  metabolic 
rate,  and  it  must  also  be  very  uncommon  for  a  substance  to  combine  with 
an  enzyme  in  such  a  way  that  it  stabilizes  its  structure  and  simultaneously 
does  not  interfere  with  its  catalytic  activity.  Lastly,  the  possibility  that 
the  inhibitor  is  simply  an  activator  or  substrate  for  enzymes  other  than 
those  inhibited  must  be  kept  in  mind.  The  designation  of  a  substance  as 
an  enzyme  inhibitor  must  not  prevent  us  from  considering  the  substance 
as  capable  of  a  great  variety  of  actions  on  a  system  so  complex  as  the 
living  cell. 

INTRACELLULAR    EQUILIBRIA    AND    SECONDARY    EFFECTS 

OF   INHIBITORS 

A  multitude  of  enzymically  catalyzed  reactions  proceed  simultaneously 
within  the  organized  structure  of  the  protoplasm  of  the  living  cell.  Many 
of  these  reactions  are  interrelated:  some  form  substances  used  by  other 
reactions,  some  provide  energy  required  by  endergonic  processes,  some  are 
involved  in  the  synthesis  of  material  necessary  for  the  catalysis  of  other 
reactions,  while  others  may  be  important  in  the  disposal  or  modification 
of  the  products  of  metabolism.  Protoplasm  must  take  up  the  material  and 
generate  the  energy  to  synthesize  its  own  substance,  including  the  enzymes 
and  coenzymes  which  are  necessary  for  these  very  reactions;  it  is  a  system 
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of  unstable  catalysts  kept  in  existence  by  the  occurrence  of  reactions  which 
they  catalyze.  The  equilibria  here  are  clearly  different  from  the  statically 
balanced  systems  of  physics  and  chemistry,  a  distinction  emphasized  by 
Dixon  (1949),  who  termed  these  equilibria  "floating."  These  very  complex 
equilibria  of  living  material  include  the  steady-state  systems  discussed  in 
Chapter  7,  but  are  dependent  on  a  higher  order  .of  organization.  A  certain 
flow  of  substance  and  energy  must  enter  the  system  for  maintenance;  an 
additional  amount  is  required  for  the  performance  of  function  or  growth. 
It  is  this  that  imposes  instability  in  living  material,  in  the  sense  that  distur- 
bances in  the  metabolism,  as  produced  by  inhibitors,  can  undermine  the 
organized  material  basis  for  the  metabolism.  This  instability  is  generally 
tempered  by  the  plasticity  or  adaptability  of  the  cellular  metabolism,  char- 
acteristics that  have  been  evolved  to  protect  the  cell  against  periods  of 
adverse  conditions,  such  as  deficiencies  in  substrate  or  oxygen.  Since  many 
inhibitors  induce  states  in  cells  approximating  these  deficiencies,  the  same 
adaptive  processes  often  come  into  play,  and  the  dynamic  equilibria  are 
not  so  readily  disrupted  as  might  be  expected.  Nevertheless,  once  the 
capacity  of  the  cell  to  adapt  has  been  exceeded  by  the  metabolic  distur- 
bance, there  will  be  a  progressive  disintegration  of  the  complex  equilibria 
and  eventual  dissolution  of  the  structural  basis  of  life. 

Let  us  consider  briefly  a  very  simple  illustration  of  this  sort  of  equilibrium 
and  the  effect  of  inhibitors  upon  it.  Many  oxidations  require  coenzymes 
that  are  synthesized  in  reactions  utilizing  ATP,  which  in  turn  is  generated 
by  the  oxidations.  When  an  inhibitor  depresses  the  oxidative  reaction, 


less  ATP  will  be  formed,  and  consequently  less  CoE  will  be  available,  this 
further  decreasing  the  oxidative  rate;  under  certain  conditions  this  may  pro- 
ceed until  the  entire  system  ceases  to  function.  An  inhibitor  acting  on  any 
other  reaction  in  this  equilibrium  would  have  the  same  end  result.  Much 
of  the  damage  to  cells  resulting  from  exposure  to  inhibitors  probably  results 
from  phenomena  of  this  nature.  The  instability  of  mitochondria  to  anoxia, 
lack  of  substrate,  or  inhibition  may  be  due  in  part  to  loss  of  coenzymes  or 
other  metabolically  important  factors. 

Cells  and  tissue  vary  a  great  deal  in  their  resistance  to  such  disturbances. 
Anoxia  or  lack  of  glucose  produces  differential  damage  to  cells  of  the  cen- 
tral nervous  system,  some  surviving  for  hours  and  others  only  for  a  few 
minutes  (van  Liere,  1942),  and  it  is  well  known  that  anoxia  can  induce 
differential  damage  to  cells  lying  in  the  metabolic  gradients  of  the  embryo 
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or  various  invertebrates.  Liver  tissue  made  anoxic  by  clamping  the  he- 
patic artery  for  short  times  shows  a  reduced  respiration  and  ability  to 
deaminate  amino  acids  (Wilhelmi  et  al.,  1944a, b).  A  period  of  5  min  of 
anoxia  depressed  the  respiration  10%  and  10  min  of  anoxia  r.  duced  it 
58%;  reduction  of  deamination  and  uptake  of  amino  acids  occurred  si- 
multaneously. Brain  cortex  slices  (Wilhelmi  et  al.,  1944c)  and  heart  slices 
(Webb  et  al.,  1949a)  subjected  for  short  periods  to  anoxia  show  progres- 
sive failure  of  respiration.  The  mechanisms  involved  in  these  effects  are 
not  known,  but  it  is  established  that  chemical  and  structural  changes 
—  alterations  in  ionic  or  nucleotide  concentrations,  swelling,  vacuolization, 
and  chromatolysis  —  can  occur  rapidly  in  cells  deprived  of  oxygen.  What 
is  to  be  emphasized  is  that  in  oxygen  deficiency  we  have  evidence  of  the 
disturbances  that  may  occur  in  dynamic  equilibria  and  visible  proof  that 
energy  is  required  for  cell  maintenance,  as  well  as  for  growth  and  function, 
and  in  the  case  of  anoxia  there  is  no  question  but  that  the  primary  effect 
is  metabolic  depression,  whereas  inhibitors  could  be  supposed  to  act  in 
other  nonmetabolic  ways.  Furthermore,  we  see  that  in  many  cells,  parti- 
cularly the  most  active,  this  dynamic  equilibrium  does  not  require  much 
time  to  be  irreparably  damaged.  The  possibility  of  such  changes  taking 
place  during  the  action  of  an  inhibitor  on  cells  should  be  kept  in  mind  at 
all  times,  since  in  experiments  of  duration  exceeding  a  few  minutes  one  may 
be  measuring  secondary  and  tertiary  effects.  In  cells,  and  especially  in 
whole  organisms,  the  primary  action  of  an  inhibitor  may  progressively 
produce  a  series  of  secondary  changes,  radiating  out  to  encompass  even- 
tually processes  and  tissues  not  even  in  contact  with  the  inhibitor.  A  heavy 
metal  is  able  by  acting  specifically  on  the  enzymes  involved  in  renal  tu- 
bular transport  to  produce  biochemical  and  functional  changes  in  the  brain 
mediated  through  the  altered  composition  of  the  blood.  Such  phenomena 
are  obvious  but  there  are  many  relationships  more  subtle  and  less  under- 
stood. Each  time  an  inhibitor  acts  on  a  living  cell  there  is  the  possibility 
that  in  some  way  protein  synthesis  is  depressed  and  that  the  resultant 
alteration  in  intracellular  enzyme  concentration  will  derange  all  manner 
of  metabolic  processes.  These  phenomena  are  not  so  much  related  to  the 
properties  of  an  inhibitor  as  to  the  inherently  complex  characteristics  of 
cells  and  organisms.  The  type  of  response  will,  to  some  extent,  depend  on 
the  nature  of  the  inhibitor;  it  will  depend  even  more,  in  most  cases,  on  the 
potentialities  of  the  living  system  to  respond. 

THE  CONCEPT  OF  PACEMAKERS  IN  METABOLISM 

The  concentrations  of  the  various  metabolic  intermediates  in  the  normal 
cell  are  generally  low  and  this  lack  of  accumulation  indicates  that  in  most 
instances  the  rates  are  limited  not  by  enzyme  activity  but  by  the  availa- 
bility of  substrate.  Some  enzymes  are  known  to  be  present  in  excess  of  the 
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amount  needed  for  their  ordinary  functioning;  fumarase  in  some  cells  might 
be  cited  as  an  example.  Inhibition  of  such  enzymes  will  not  produce  a 
marked  effect  on  metabolism  until  their  activity  has  been  reduced  to  the 
point  where  they  are  limiting.  The  enzymes  of  the  tricarboxylic  acid  cycle 
are  often  given  as  an  illustration  of  a  metabolic  system  in  which  the  inter- 
mediates are  handled  rapidly  and  readily  and  little  accumulation  occurs. 
However,  it  has  recently  been  emphasized  that  this  does  not  apply  to  all 
enzymes  in  the  cell  and  that  those  enzymes  that  do  limit  the  rate  are  the 
"pacemakers  of  metabolism"  (Krebs,  1957,  1958).  According  to  this  con- 
cept, there  are  certain  key  enzymes  or  reactions  that  mainly  determine 
the  over-all  metabolic  rates  and  it  is  these  that  are  most  susceptible  to  the 
action  of  inhibitors.  In  general,  those  reactions  initiating  the  degradation 
of  the  primary  substrates  —  glucose,  amino  acids,  fatty  acids,  and  oxygen  — 
are  the  pacemakers,  but  other  pacemaking  reactions  may  occur  after  a 
certain  amount  of  degradation  has  occurred,  particularly  at  branching 
points  which  determine  the  directions  of  metabolic  flow.  On  this  basis 
Krebs  divides  inhibitors  of  respiration  into  three  classes: 

I.  Inhibition  by  interference  with  utilization  of  oxygen:  cyanide,  CO, 
azide,  and  sulfide. 

II.  Inhibition  by  interference  with  utilization  of  substrate,  i.e.,  by  action 
on  the  dehydrogenases:  malonate  and  arsenite. 

III.  Inhibition  by  interference  with  reactions  at  the  branching  points 
of  metabolism,  diverting  metabolism  abnormally:  agents  that  may  reduce 
the  supply  of  oxalacetate,  such  as  malonate  or  ammonium  chloride. 

With  respect  to  glycolysis,  there  are  two  principal  pacemakers,  the  liexo- 
kinase  and  the  triose  phosphate  dehydrogenase,  and  most  inhibitors  of 
glycolysis,  such  as  iodoacetate  and  glyceraldehyde,  act  at  these  loci.  A 
very  crucial  branching  point  is  often  in  the  systems  for  the  disposition  of 
acetyl-CoA.  The  number  of  pathways  available  for  this  compound  depends 
upon  the  type  of  cell,  but  in  all  cells  it  is  a  central  substance  in  the  utiliza- 
tion and  synthesis  of  carbohydrate  and  fatty  acids.  This  is  also  a  vulnerable 
point  for  attack  by  inhibitors  and  the  whole  pattern  of  metabolism  may  be 
readily  altered  by  changing  the  ratios  acetyl-CoA/CoA,  reduced  flavoprotein 
/oxidized  flavoprotein,  and  DPNH/DPN.  According  to  Krebs,  then,  these 
pacemaker  reactions  are  those  to  which  we  must  turn  our  attention  in 
considering  ways  and  means  of  potently  inhibiting  cellular  metabolism. 
Without  denying  the  importance  of  this  concept,  I  believe  that  a  too 
ready  acceptance  of  it  may  oversimiilify  a  very  complex  problem  and  lead 
to  errors  in  interpretation.  If  one  jumps  to  the  conclusion  that  only  a  few 
vital  reactions  or  enzymes  in  the  cell  are  of  much  importance  in  the  action 
of  inhibitors,  that  the  effects  of  inhibition  can  be  entirely  explained  on  the 
basis  of  these  few  pacemaker  reactions,  this  conclusion  will  be  quite  er- 
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roneous  and  an  unjustifiable  extension  of  the  original  concept.  For  this 
reason  it  may  be  well  to  mention  some  of  the  mitigating  circumstances  that 
restrict  the  complete  applicabilty  of  this  concept.  (1)  Reactions  which 
are  pacemakers  in  certain  states  of  a  cell  may  not  be  when  conditions  are 
changed.  The  concentration  of  substrates  in  the  medium  outside  the  cell 
may  determine  which  step  is  limiting  and  it  is  evident  that  the  type  of 
substrate  that  is  available  may  be  of  primary  importance.  Alterations  of 
intracellular  ion  concentrations  or  pH  can  likewise  shift  a  pacemaker;  it 
is  possible  that  in  magnesium  deficiency,  enolase  would  be  a  limiting  step 
in  glycolysis.  (2)  The  ability  of  multienzyme  systems  to  maintain  their 
steady  state  in  the  presence  of  an  inhibitor  is  to  a  great  extent  dependent 
on  the  possibility  of  intermediates  rising  sufficiently  in  concentration.  This 
is  not  always  possible  for  a  number  of  reasons:  the  intermediate  may  be 
metabolized  along  another  pathway  when  its  concentration  begins  to  rise, 
it  may  diffuse  away  from  the  reaction  region,  or  it  may  begin  to  inhibit 
some  other  enzyme  at  a  higher  concentration.  Thus  inhibition  of  respiration 
by  fluoride  can  be  quite  marked,  despite  the  fact  that  enolase  is  normally 
not  a  pacemaker  in  glycolysis,  but  it  may  well  be  that  phosphoenolpyru- 
vate  cannot  accumulate  to  maintain  the  original  rate.  (3)  We  have  seen 
in  Chai^ter  7  that  there  are  many  types  of  multienzyme  systems  in  which 
buffering  against  inhibition  is  present  but  far  from  complete.  In  cyclic 
and  feedback  systems,  inhibition  on  any  step  usually  produces  some  in- 
hibition of  the  over-all  i)rocess,  and  in  regenerative  systems,  such  as  elec- 
tron transport,  the  constancy  of  total  regenerant  concentration  imposes 
a  restriction  on  the  adaptability  to  inhibition.  Therefore,  for  inhibition  to 
be  exhibited  the  inhibitor  need  not  attack  the  rate-determining  enzyme, 
if  such  exists.  (4)  Sometimes  a  metabolic  pathway  is  considered  as  if  iso- 
lated from  the  other  reactions  to  which,  in  the  living  cell,  it  is  closely  re- 
lated. The  over-all  rate  of  glycolysis  may  well  depend  on  reactions  outside 
the  main  sequence.  For  example,  inasmuch  as  the  glycolytic  rate  does  de- 
pend on  the  availability  of  ATP,  AJDP.  and  inorganic  phosphate,  enzymes, 
such  as  ATPase,  can  indeed  be  factors  in  determining  the  rate,  and  inhibition 
of  ATPase,  by  elevating  ATP  and  reducing  ADP  and  P,  levels,  might  pos- 
sibly modify  glucose  utilization.  One  does  not  know  as  yet  the  kinetic  im- 
portance of  such  enzymes  in  the  over-all  pattern  of  metabolism,  so  often 
it  is  somewhat  premature  to  designate  i^acemakers.  (5)  The  factor  of  time 
must  also  be  considered.  If  inhibition  is  suddenly  achieved  with  respect  to 
a  single  step  in  meta1)olism,  it  may  require  some  time  for  the  system  to 
regain  a  steady  state,  assuming  it  can  (see  Chapter  7).  Thus  during  this 
period  of  temi)orary  inhibition  the  over-all  rate  will  be  suppressed,  even 
though  the  enzyme  attacked  is  not  a  pacemaker,  and  during  this  interval 
secondary  changes  may  take  place  so  that  a  return  to  the  original  state  is 
made  impossible. 
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It  is  ijossible  to  cite  many  examples  of  metabolic  inhibition  in  which 
the  primary  reaction  affected  is  not  a  pacemaker.  The  inhibition  of  glycol- 
ysis and  respiration  by  fluoride  acting  on  enolase  has  been  mentioned.  A 
good  example  is  the  very  potent  inhibition  induced  by  fluoroacetate,  inas- 
much as  aconitase  would  certainly  not  be  considered  a  limiting  enzyme  in 
respiration.  Also,  respiration  can  be  readily  inhibited  by  substances  acting 
on  enzymes  other  than  cytochrome  oxidase  or  the  dehydrogenases  in  the 
electron  transport  pathways;  antimycin  A.  dimercaprol,  and  certain 
naphthoquinones  all  act  on  some  intermediate  transfer.  Reasons  such  as 
those  presented  above  and  experimental  evidence  of  this  nature  do  not 
by  any  means  invalidate  the  basic  concept  but  only  suggest  caution  in 
its  application. 
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Fig.  9-.5.  Possible  sites  for  metabolic  control  in  ascites  tumor  cells.  (1)  control  of 
respiration  by  ADP  concentration.  (2)  control  of  ATP  utilization  in  endogenous 
processes  by  ATP  concentration.  (3)  control  of  glucose  phosphorylation  by  the  ATP 
level.  (4)  reservoir  of  ATP  formed  in  mitochondrial  oxidations  not  readily  available 
for  glucose  phosphorylation.  (5)  control  of  glycolytic  or  oxidative  phosphorylation 
by  the  inorganic  phosphate  level.  (6)  control  of  glycolytic  phosphorylation  by  the  ADP 
level.  (7)  control  of  glycolytic  phosphorylation  by  the  substrate  (hexose  diphosphate) 
level.  (From  Chance  and  He.ss,  1959). 


Another  concept  of  great  importance,  and  related  closely  to  the  eluci- 
dation of  pacemaker  reactions,  is  that  of  certain  controlling  processes  in 
the  cell.  In  any  complex  metabolic  system,  there  are  specific  loci  where 
various  influences  can  readily  control  the  over-all  rate.  This  has  been 
expressed  particularly  clearly  by  Chance  and  Hess  (1959)  whose  spectro- 
scopic studies  of  glucose  utilization  by  ascites  tumor  cells  have  provided 
several  such  loci.  Figure  9-5,  showing  possible  controlling  points  for  this 
particular  type  of  cell,  summarizes  their  conclusions.  It  is  very  interesting 
to  work  out  the  effects  of  inhibition  at  various  sites  in  such  a  scheme  and 
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to  determine  how  these  inhibitory  responses  will  be  modified  by  changes 
in  the  availability  of  substrate,  the  depletion  of  oxygen  supply,  or  the 
process  of  active  growth. 

RELATIONS  BETWEEN  ENZYME  INHIBITION  AND  CHANGES 
IN  CELL  FUNCTION 

Frequently  it  is  desired  to  determine  in  what  manner  an  inhibitor  can 
influence  a  particular  functional  activity  of  a  cell  or  organ  —  such  as  cell 
division,  movement,  impulse  conduction,  secretion,  or  active  transport  — 
and  thereby  learn  something  about  the  enzymic  processes  upon  which  this 
function  is  dependent.  The  tricky  problem  of  correlating  the  observed 
functional  changes  with  the  metabolic  inhibition  thus  arises.  All  of  these 
cellular  activities  require  energy,  either  directly  expended  on  function  or 
indirectly  for  the  synthesis  of  the  functional  components.  The  use  of  in- 
hibitors that  presumably  will  specifically  depress  certain  enzymes  in  the 
metabolism  involved  in  energy  formation  and  utilization  will  usually 
produce  some  measurable  modification  of  the  function.  But  there  are  many 
other  mechanisms  by  which  function  can  be  altered  by  inhibitors  and  an 
effect  need  not  be  interpreted  as  due  to  the  interference  with  the  energy 
supply.  It  has  been  pointed  out  that  for  several  reasons  it  is  not  always 
possible  to  assume  that  within  the  cell  the  inhibitor  is  duplicating  the  in- 
hibition observed  on  isolated  systems.  There  are  many  instances  where  a 
fair  degree  of  inhibition  is  exerted  on  the  cellular  metabolism  without 
marked  effects  on  function  and  there  are  also  cases  where  function  can  be 
essentially  abolished  without  detectable  disturbance  in  metabolism.  Such 
complexities  often  make  accurate  correlation  very  difficult.  Of  all  the  as- 
pects of  the  problem,  however,  the  most  important  is  the  specificity  of  the 
inhibitor,  the  degree  to  which  we  can  be  certain  that  a  particular  enzyme 
or  metabolic  pathway  is  being  blocked  without  significant  action  of  other 
systems.  Specificity  will  be  discussed  in  detail  in  Chapter  17  and  only  the 
most  pertinent  points  will  be  mentioned  here. 

The  depression  of  function  by  an  inhibitor  is  generally  interpreted  in 
terms  of  a  reduction  in  the  energy  supply  for  the  process  but  it  should  be 
borne  in  mind  that  there  are  other  mechanisms  that  may  be  operative. 
Let  us  assume  that  cardiac  or  skeletal  muscle  contraction  has  been  found 
to  be  altered  by  p-chloromercuribenzoate.  Some  possible  mechanisms  for 
this  action  would  be:  an  effect  directly  on  the  contractile  elements,  a  mo- 
dification of  the  membrane  leading  to  changes  in  ionic  permeability  and 
electrical  behavior,  a  depression  of  the  coupling  between  excitation  and 
contraction,  an  interference  with  the  formation  or  destruction  of  acetyl- 
choline, or  an  inhibition  of  the  transfer  or  high-energy  phosphate  as  well 
as  a  suppression  of  its  generation.  In  some  cases,  a  direct  or  indirect  change 
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in  intracellular  pH  or  ionic  composition,  brought  about  by  the  inhibition, 
might  affect  the  activity  of  the  cell. 

Nonenzymic   Effects   of  Inhibitors   on   Cell    Function 

An  inhibitor  that  has  been  found  to  be  quite  specific  metabolically, 
acting  only  on  a  particular  enzyme  or  group  of  enzymes,  may  still  possess 
the  ability  to  react  in  some  manner  with  the  components  of  the  functional 
systems  in  the  cell  or  to  modify  function  in  other  nonenzymic  ways.  Many 
tissues  have  an  electric  potential  across  the  cell  membrane;  the  functional 
activity  and  metabolism  will  depend  upon  and  vary  with  the  fluctuations 
in  this  potential.  This  would  apply  particularly  to  muscle  and  nerve  but  the 
membrane  processes  may  also  be  important  in  kidney,  marine  invertebrate 
eggs,  plant  cells,  and  various  microorganisms.  These  membrane  potentials 
may  be  modified  by  inhibitors  either  by  action  on  enzymes  (both  within 
the  cell  and  at  the  surface  of  the  cell)  or  nonenzymically.  Many  inhibitors 
are  ions  and  can  change  the  potential  directly,  especially  if  used  in  rela- 
tively high  concentrations  (usually  above  10  mM,  although  the  permea- 
bility to  the  ion  is  of  importance).  The  ion  that  accompanies  the  inhibitor 
ion  must  also  be  considered.  The  Na^  with  inhibitors  such  as  malonate  of 
fluoride  may  have  a  measurable  effect  on  membrane  potentials  in  concen- 
trations above  10  mil/;  such  effects  of  Na"*"  have  been  demonstrated  on  rat 
atrial  potentials.  The  potassium  salts  of  inhibitors  should  be  avoided  in 
work  with  intact  cells  for  this  reason,  since  K^  usually  has  a  marked  effect 
on  the  resting  potential. 

All  inhibitors  that  react  with  groups  on  proteins  must  be  assumed  to 
attack  not  only  the  enzymes  but  also  the  various  proteins  of  the  cell.  These 
proteins  may  be  in  the  plasma  membrane  and  their  modification  induce 
jiermeability  changes  that  will  secondarily  affect  metabolic  systems.  It  is 
likely  that  many  of  the  effects  observed  with  heavy  metal  ions  and  organic 
metal  compounds  are  due  to  such  actions;  e.g.,  the  rapid  cytolysis  sometimes 
seen  is  probably  unrelated  to  any  enzyme  action  and  is  indicative  of  the 
effects  on  membrane  structure.  The  inhibition  of  metabolism  in  yeast  by 
uranium  salts  would  appear  to  be  the  result  of  a  decrease  in  the  permea- 
bility to  various  substrates  and  there  is  no  evidence  that  this  is  an  effect 
on  enzymes  (Barron  et  al.,  1948a).  Inhibitors  that  are  lipid-soluble  or  pos- 
sess polycyclic  structures  could  interfere  with  the  interactions  of  cell  mem- 
brane components;  the  bipyridines  and  phenanthrolines  may  act  in  this 
way,  in  addition  to  their  chelation  of  metal  ions. 

It  is  usually  difficult  and  often  impossible  to  distinguish  between  the 
enzymic  and  nonenzymic  actions  of  inhibitors.  It  is  doubtful  if  any  type 
of  kinetic  analysis  would  be  useful.  In  some  cases  a  variation  of  the  in- 
hibitor structure  may  be  informative.  For  instance  in  the  example  of  the 
metal  chelating  agents,  given  above,  the  testing  of  bipyridines  or  phenan- 
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throlines  that  are  not  chelating  agents,  or  of  compounds  structurally  related 
in  other  ways,  may  allow  establishing  a  correlation  between  the  effect  on 
the  cell  and  the  chelating  activity.  The  lack  of  a  demonstrable  effect  on  the 
over-all  metabolism  of  the  cell  or  tissue  is  not  sufficient  evidence  for  a 
nonenzymic  effect  because  the  action  may  be  localized  and  that  fraction 
of  the  total  metabolism  affected  could  be  insignificant.  Also  one  cannot 
be  certain  that  he  is  measuring  the  right  thing  to  show  the  metabolic 
effect  if  it  does  exist. 

Dependency  of  the  Functional  Activity  on  the  Level  of  High-Energy  Bonds 

The  cell  function  may  require  an  available  source  of  energy  in  the  form 
of  ATP  or  other  high-energy  nucleotides.  These  nucleotides,  furthermore, 
are  often  in  equilibrium  with  a  store  of  creatine  phosphate.  The  function 
may  remain  relatively  unchanged  until  the  ATP  drops  below  a  certain 
level  due  to  an  inhibitor  and  some  ATP  may  be  furnished  through  phosphor- 
ylation of  ADP  by  the  creatine  phosphate.  A  cell  function  requiring  little 
energy  can  thus  continue  for  some  time  after  the  fundamental  energy- 
supplying  reactions  are  blocked  or  uncoupled.  The  function  may  also  be 
dependent  on  conditions  established  by  ATP  or  other  energy  sources. 
These  conditions  may  be  fairly  stable  and  persist  for  a  long  time  after 
ATP  formation  is  stopjied.  The  conduction  of  nerve  impulses  or  ameboid 
movement  during  periods  of  metabolic  failure  would  be  examples.  In  the 
former  case,  it  it  basically  due  to  the  fact  that  the  ion  pumps  have  estab- 
lished concentration  differences  and  potential  differences  at  the  mem- 
brane; each  impulse  requires  so  little  ion  movement  that  the  potential 
drops  only  slowly  when  the  pumps  cease  activity.  The  degree  of  functional 
inhibition  in  these  cases  clearly  bears  no  relationship  to  the  interference 
with  metabolism. 

The  more  actively  a  cell  functions,  the  more  rapidly  will  it  deplete  its 
store  of  energy  and  suffer  depression  from  an  inhibitor.  Thus  nerve  tissue 
or  a  heart  will  fail  more  rapidly  in  the  presence  of  an  inhibitor  if  it  is  stim- 
ulated rapidly  so  that  impulses  or  contractions  are  more  frequent.  The 
functional  activity  is  therefore  dependent  not  only  on  the  rate  at  which 
energy  is  supplied  but  also  on  the  rate  at  which  it  is  utilized.  Most  cells 
perform  several  functions  (we  may  consider  syntheses  and  growth  as  func- 
tions here  for  convenience)  and  some  may  require  ^nore  energy  than  others. 
In  this  case,  an  inhibitor  can  more  or  less  selectively  depress  certain  func- 
tions. Generally  the  function  requiring  the  most  energy  will  be  dejjressed 
more  readily  than  the  rest.  It  might  be  erroneously  concluded  that  this 
function  only  was  dependent  on  the  particular  metabolic  phase  inhibited, 
whereas  all  the  processes  might  depend  on  the  same  enzymic  reactions  but 
to  different  degrees.  Let  us  for  the  moment  assume  that  all  the  functions 
draw  energy  from  a  common  pool  and  are  not  siDccifically  related  to  indi- 
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vidua!  metabolic  pathways.  If  a  cell  performs  three  functions  —  F^,  F^, 
and  F^  —  the  energy  required  for  the  normal  maintenance  of  each  function 
will  be  £"1,  E2,  and  E^.  Assuming,  for  simplicity,  that  these  make  up  the 
total  cell  activity,  the  energy  requirement  for  the  cell  is  E^  =  E^  ^  E2  + 
E^.  The  energy-supplying  reactions  provide  energy  equivalent  or  in  excess 
of  this,  but  in  the  i^resence  of  an  inhibitor  the  energy  supph'  may  drop 
below  E,  as  illustrated  in  Fig.  9-6.  If  the  inhibition  lowers  the  energy  pro- 
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Fig.  9-6.  Relationship  between  meta- 
bolic energy  supply  and  functional 
energy  requirement.  The  heights  of 
the  solid  bars  represent  the  energy 
requirements  for  the  three  different 
functions  and  E^  is  the  total  require- 
ment. The  normal  energy  supply  is  E^ 
and  the  reductions  by  inhibition  are 
indicated  by  the  numbers.  See  text  for 
detailed   explanation. 


duction  to  level  1,  it  is  possible  that  all  the  functions  will  be  depressed 
somewhat,  or,  if  one  function  has  preference  over  the  others  (that  is,  if  a 
function  is  able  to  obtain  the  energy  available  more  efficiently),  it  will 
remain  unchanged  at  the  expense  of  the  others.  But  when  the  energy  supply 
is  lowered  to  level  2,  it  is  evident  that  F-^  could  not  continue  normally, 
although  F^  and  F^  may  still  do  so.  At  level  3,  only  i^g  could  remain  normal 
and  then  only  if  it  had  preference.  In  such  cases  the  results  may  be  thought 
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of  in  terms  of  competition  between  functional  processes  for  energy  and 
the  relative  depressions  will  reflect  to  some  extent  the  competitive  abilities. 
Of  course,  in  the  living  cell,  although  this  simplified  picture  may  be  valid 
generally,  it  is  probable  that  some  functions  are  specifically  and  spatially 
related  to  enzyme  sytems  of  different  types.  One  of  the  most  interesting 
problems  in  nerve  and  muscle  physiology  is  whether  the  excitatory  events 
at  the  membrane  are  dependent  on  enzyme  reactions  within  the  membrane, 
as  opposed  to  the  total  cell  metabolism,  and  if  inhibitors  can  modify  the 
electrical  behavior  of  the  membrane,  and  secondarily  the  cell  function, 
by  acting  on  these  enzymes  of  the  membrane.  It  might  be  expected  that 
all  types  of  oxidative  or  phosphorylative  inhibition  would  produce  the 
same  effects  upon  membrane  behavior  if  this  behavior  were  dependent 
only  on  a  source  of  ATP  from  the  bulk  of  the  cell  or  from  the  mitochondria. 
However,  the  effects  of  different  inhibitors  are  not  the  same  on  resting  and 
action  potentials  and  this  might  be  taken  as  indirect  evidence  for  enzymic 
processes  at  the  membrane  (Webb  and  Hollander,   1959). 

Inhibition  of  an  Enzyme  System  Forming  an  Agonist 

An  enzyme  inhibitor  may  alter  tissue  function  by  reducing  the  formation 
or  inactivation  of  some  substance  that  is  produced  by  the  tissue,  this  sub- 
stance itself  controlling  the  tissue  function.  Such  a  substance  may  be  termed 
an  agonist,  in  conformity  with  pharmacological  nomenclature  (Furchgott, 
1955),  which  implies  that  the  substance  acts  on  the  responsive  cells,  either 
to  stimulate  or  depress  them.  The  agonist  could  be  formed  by  the  cells 
under  investigation  or  it  could  arise  in  other  types  of  cells  present  in  the 
preparation.  In  the  latter  situation,  the  agonist  may  either  produce  its 
effect  by  reacting  with  receptors  at  the  surface  of  the  responding  cells,  or 
it  may  have  to  enter  into  the  membrane  to  react,  or  it  may  have  to  pass 
through  the  membrane  into  the  interior  of  the  cell.  The  enzyme  inactivat- 
ing the  agonist  may  likewise  be  situated  spatially  either  outside,  within  the 
membrane,  or  inside  the  cell.  Finally,  the  agonist  may  simply  diffuse  away 
from  the  region  where  it  is  produced  and  where  it  acts.  These  processes 
may  be  represented  diagramatically  as: 

diffusion 

Xj  ->  Xj  ...  ->    A   -|-   R  ->  effect  on  cell 
I  E,. 
inactivation 

where  X^  and  Xg  are  precursors  of  the  agonist,  Ey  represents  the  enzymes 
involved  in  its  formation,  R  is  the  receptor  group  with  which  it  must  react 
to  affect  the  cell,  and  E,  is  the  enzyme  inactivating  the  agonist.  The  action 
of  an  enzyme  inhibitor  on  either  Ey,  E,,  or  R  will  modify  the  functional  ac- 
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tivity  of  the  cells  indirectly,  since  the  effect  of  the  agonist  will  depend 
primarily  on  the  concentration  ]Dresent  in  the  region  of  the  receptors  and 
the  ability  of  the  receptors  to  react  with  the  agonist.  The  reaction  with 
the  receptors  is  usually  represented  simply  as: 

A  +  R^AR  K^=^^^  (9-14) 

(AR) 

and  the  effect  on  the  tissue  is  assumed  to  be  proportional  to  (AR)/(R;), 
the  fraction  of  the  total  receptors  combined  with  agonist: 

(^^)  '^^^  (9-15) 


(R,)  (A),  +  Ka 

where  (A)^  is  the  concentration  of  agonist  in  the  receptor  region.  Some 
common  agonists  would  be  acetylcholine,  epinephrine,  norepinephrine, 
histamine,  5-hydroxytryptamine,  and  related  substances,  but  the  concept 
could  be  extended  to  any  substances  produced  in  the  preparation  and  hav- 
ing an  effect  on  the  cellular  activity.  Even  in  isolated  tissues,  such  substan- 
ces may  control  the  functional  level.  Isolated  cardiac  tissue  or  intestine  are 
under  the  influence  of  acetylcholine  in  most  cases,  as  may  be  readily  shown 
by  the  effects  of  the  specific  antagonist  atropine.  Thus  these  tissues  are 
susceptible  to  effects  of  inhibitors  on  any  of  the  reactions  determining  the 
concentration  of  agonist. 

The  simplest  system  in  which  the  agonist  is  formed  and  is  active  and  inac- 
tivated in  a  discrete  region  (diffusion  either  through  membranes  or  away 
from  the  region  being  unimportant),  is  actually  represented  by  a  mono- 
linear  chain  (Eq.  7-1)  and  the  concentration  of  agonist  is  given  by  the  ex- 
pressions developed  for  multienzyme  systems.  Inhibition  of  the  formation 
reaction  would,  of  course,  lead  to  a  decrease  in  agonist  concentration  and 
a  changed  level  of  tissue  activity.  The  agonist  is  usually  formed,  not  by  a 
single  reaction  but  by  a  series  of  enzymically  catalyzed  steps.  The  synthe- 
sis of  acetylcholine,  for  example,  requires  choline  and  an  acetyl  donor 
(probably  acetyl-CoA);  hence,  the  enzymes  involved  in  the  formation  of 
the  acetyl  donor  are  possible  sites  for  inhibition  as  well  as  the  choline 
transacylase,  the  enzyme  catalyzing  the  final  condensation.  Inhibitor- 
induced  functional  failure  in  synaptic  networks  most  likely  results  from 
depression  in  the  formation  of  acetylcholine  or  some  other  transmitter. 

Inhibition   of  an    Enzyme   Inactivating   an   Agonist 

The  potent  effects  on  tissue  function  of  the  inhibitors  of  enzymes  in- 
activating acetylcholine  or  the  sympathomimetic  amines  are  well  known. 
These  actions  are  due  to  the  rise  in  agonist  concentration  at  the  receptor 
region.  The  normal  balance  between  formation  and  inactivation  is  disturbed. 
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Whether  a  new  steady  state  will  be  attained  will  depend  not  only  on  the 
enzymic  inactivation  but  possibly  on  the  diffusion  of  the  agonist  from  the 
region.  It  will  also  depend  on  the  rate  at  which  the  agonist  is  formed;  when 
it  is  synthesized  in  and  released  by  nerve  endings,  its  production  will  na- 
turally depend  on  the  frequency  of  impulses  in  the  nerve.  In  some  isolated 
preparations,  the  rate  of  formation  is  apparently  steady  and  inhibition 
of  the  inactivating  enzyme  will  cause  a  progressive  accumulation  of  the 
agonist,  as  in  isolated  atria  (Webb,  1950b). 

The  kinetics  of  such  a  multienzyme  system  will  depend  on  the  spatial 
arrangement  of  the  three  basic  elements  —  the  receptor  groups  and  the 
loci  for  formation  and  inactivation  of  the  agonist.  These  are  probably 
never  distributed  homogeneously  within  a  region  since  all  are  intimately 
related  to  certain  cell  structures.  The  agonist  usually  arises  outside  the 
cell  it  affects  and  must  diffuse  to  the  receptors,  which  can  be  on  the  sur- 
face of  the  cell,  in  the  membrane,  or  inside  the  cell;  the  inactivating  enzyme 
can  likewise  be  located  in  any  of  these  regions.  The  effect  of  inhibiting  the 
inactivating  enzyme  will  be  much  greater  if  this  enzyme  is  so  located  that 
the  agonist  must  diffuse  through  a  "screen"  of  it  before  it  can  react  with 
the  receptors,  because  in  this  case  the  agonist  concentration  at  the  receptor 
region  will  be  strongly  dependent  on  the  activity  of  the  inactivating  en- 
zyme. A  certain  fraction  of  the  agonist  will  normally  be  destroyed  before 
it  can  produce  an  effect  and  an  inhibitor  will  decrease  this.  Possible  spatial 
relations  between  acetylcliolinesterase  and  receptors  in  atrial  tissue  have 
been  discussed  (Webb,  1950b)  and  evidence  presented  that  such  a  "screen- 
ing" effect  is  operative  in  this  tissue,  where  the  acetylcholine  concentration 
at  the  receptors  may  be  only  one-hundredth  that  of  the  concentration  in 
the  medium.  It  is,  therefore,  difficult  to  develop  a  quantitative  treatment 
of  such  inhibition.  Equations  have  been  derived  by  Furchgott  (1955) 
for  the  situation  in  which  the  agonist  must  diffuse  across  a  membrane  to 
a  region  where  receptors  and  inactivating  enzyme  are  homogeneously 
distributed.  It  is  unfortunate  that  such  a  direct  treatment  is  probably  not 
justifiable  in  most  cases  but  the  validity  must  ultimately  be  determined 
by  accurate  experimental  data,  which  at  present  are  lacking.  It  was  also 
assumed  that  the  inactivation  is  first-order  and  did  not  follow  enzyme 
kinetics.  Finally,  the  acetylcholinesterase  is  a  good  example  of  a  mutual 
depletion  system  (Chapter  3)  and  to  what  extent  these  more  complex  ki- 
netics must  be  applied  is  unknown. 

Assuming  a  constant  external  concentration  of  agonist  and  a  homogene- 
ous distribution  of  receptors  and  inactivating  enzyme  within  a  membrane: 

+R^  AR 

A„;Ff^A,^^  (9-16) 

E7^  inactivation 
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the  internal  concentration  of  agonist  is  given  by: 

(A,)^  +  [{V,„lk)  +  K,  -  (A,)]  (A,)  -  /i,(AJ  -  0 


(9-17) 


which  is  identical  with  Eq.  7-11,  where  k  is  the  diffusion  constant  of  the 
agonist  through  the  membrane.  The  behavior  of  such  a  diffusion-limited 
monolinear  chain  has  been  discussed.  Figure  9-7  shows  the  variation  in 


Fig.  9-7.  Concentration  of  an  agonist  in  the  receptor  region  as  it  depends  on  the 
rate  of  its  destruction  (scheme  9-16  and  Eq.  9-17).  (AJ  =  10-^  mM,  K,  =  1  mM, 

and   k  =  IQ-^. 


(Aj)  with  the  rate  of  inactivation  and  Fig.  9-8  illustrates  how  the  effect  of 
the  agonist  on  the  tissue  increases  with  rising  inhibitor  concentration. 
As  the  activity  of  the  enzyme  becomes  less,  the  agonist  concentration  rises 
in  a  sigmoidal  fashion  and  eventually  becomes  equal  to  (Ap).  It  is  interest- 
ing to  note  that  it  requires  a  fair  degree  of  inhil^ition  of  the  enzyme  before 
there  is  an  appreciable  increase  in  the  activity  of  the  agonist.  The  change 
in  the  functional  activity  occurs  mainly  between  90%  and  complete  in- 
hibition of  the  enzyme.  It  may  be  observed  that  an  inhibitor  of  an  inac- 
tivating enzyme  will  have  its  greatest  effect  on  function  when  the  rates 
of  entrance  and  destruction  of  the  agonist  are  comparable;  if  either  one  is 
much  larger  than  the  other,  such  inhibition  will  have  very  little  effect 
on  the  agonist  concentration.  If  the  receptors  are  in  the  membrane,  the 
partition  coefficient  of  the  agonist  between  medium  and  membrane  would 
have  to  be  introduced;  this  would  be  the  same  as  assigning  different  rates 
to  the  inward  and  outward  diffusion  across  the  membrane  in  scheme  9-16. 
It  is  quite  possible  that  the  kinetics  for  the  situation  in  which  the  en- 
zyme is  forming  a  screen  between  the  source  of  agonist  and  the  receptors 
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may  be  relatively  simple.  In  this  case,  perhaps  the  structural  nature  of 
the  enzyme  grid  allows  (Aj)  to  equal  (A^)  [{kilk_i)],  where  k^  and  k_i 
are  the  diffusion  constants  for  the  inward  and  outward  directions  through 
the  enzyme  screen.  The  enzyme  activity  would  have  the  effect  of  reducing 
the  diffusion  rate  by  destroying  a  certain  fraction  of  agonist  molecules; 
thus  ki  may  be  smaller  than  k_i  and  (Aj)  smaller  than  (Ag).  Inhibition  of 
the  enzyme  would  change  k^  but  not  k_i  since  it  makes  no  difference  if  a 


100- 


FiG.  9-8.  Effect  of  the  inhibition  of  the  inactivating  enzyme  on  the  action  of  an  agonist. 
The  agonist  action  is  given  in  per  cent  of  the  action  produced  by  the  external  concen- 
tration. Same  conditions  as  in  Fig.  9-7  and  in  addition  K^  =  10-^  mM  and  K^  =  1  mM. 


molecule  diffusing  out  is  inactivated  or  not.  It  can  be  shown  that  the  in- 
ternal agonist  concentration  in  the  presence  of  the  inhibitor  is  given  by: 


[-^  <•-"  +  '] 


(A,),  =  (AJ  1-^   (1  -i)  +v 
(A,),  =  (A,)(l  -  i)  +  i{A„) 


(9-18) 
(9-19) 


When  there  is  no  inhibition,  (Aj)^  =  (Aj),  and  when  inhibition  is  complete, 
the  external  and  internal  concentrations  are  the  same,  or  (AJj  =  (A^). 
In  case  the  agonist  concentration  in  the  uninhibited  state  is  very  low  so 
that  it  is  not  affecting  tissue  function  significantly  (i.e.,  when  the  enzyme 
is  effectively  inactivating  the  agonist  almost  as  rapidly  as  it  is  formed), 
the  internal  concentration  during  inhibition  will  be  given  approximately 
by  (AJ,  =  t(AJ. 
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Quantitative    Relations   between    Functional   Change  and    Inhibition 

Very  little  is  known  of  the  mechanisms  by  which  energy  is  transferred 
to  the  functional  systems  or  utilized  in  the  functional  acts;  indeed,  one  is 
generally  ignorant  of  the  basic  relationship  between  the  level  of  functional 
activity  and  the  energy  supply.  However,  we  can  be  reasonably  certain  that 
in  most  cases  there  are  several  processes  between  the  generation  of  the 
energy  and  the  final  cell  activity.  This  may  be  crudely  expressed  by  an  ar- 
bitrary series  of  equations,  such  as: 

Function    =  A  (ATP) 
(ATP)   =  f,v,  ~  Uu 

Vj,     =    fx  Vo 

V,   =  A(ATPase)(X) 
Vo   =  /6(S)  -  /,(!) 

where  the  /'s  indicate  the  functional  dependences,  v^  is  the  phosphorylative 
rate,  v^  is  the  rate  at  which  ATP  is  hydrolyzed  by  ATPase,  v^  is  the  oxida- 
tive rate,  (X)  represents  the  concentrations  of  various  ions  influencing 
ATPase  activity,  (S)  the  concentration  of  substrate  for  oxidation,  and  (I) 
the  concentration  of  an  inhibitor  that  interferes  with  oxidation.  The  de- 
pendency of  function  on  the  inhibitor  concentration  would  then  be  given 
by: 

Function  =  ^{^^[/elS)  +  /,(!)]  +  /3A(ATPase)(X)}  (9-20) 

so  that  it  would  be  extremely  fortuitous  for  any  simple  relationship  to  e- 
merge.  Thus  if  one  is  measuring  the  functional  response  to  an  inhibitor,  it  is 
unduly  optimistic  to  expect  to  be  able  to  elucidate  enzymic  mechanisms  of 
inhibition  from  the  changes  observed;  i.e.,  an  inhibition  cannot  be  labeled 
as  competitive  on  the  enzyme  level  because  an  increase  of  substrate  con- 
centration tends  to  overcome  the  effect  of  the  inhibitor  on  cell  function. 
The  concept  that  is  being  emphasized  is  simply  that  the  relationship  be- 
tween cell  function  and  enzyme  inhibition  is,  in  essentially  all  cases,  very 
complex  and  this  complexity  should  not  be  obscured  by  apparently  sim- 
ple experimental  results. 

Establishing  Correlations  between  Functional  Changes  and  Enzyme  Inhibition 

One  of  the  primary  reasons  for  using  inhibitors  in  living  tissue  is  to  de- 
termine the  specific  metabolic  basis  for  functional  activity.  Thus  uncoup- 
lers  of  oxidative  phosphorylation  are  useful  in  showing  a  dependence  of 
some  cell  activity  on  high  energy  phosphate  compounds,  while  inhibitors 
of  the  tricarboxylic  acid  cycle  (such  as  fluoroacetate)  or  glycolysis  (such 
as  iodoacetate)  are  commonly  used  to  demonstrate  the  presence  or  absence 
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of  a  connnection  of  function  with  these  metabolic  pathways.  It  is,  however, 
often  very  difficult  to  establish  a  direct  correlation  between  the  metabolic 
and  functional  changes  for  reasons  given  above;  in  addition  the  lack  of 
absolute  specificity  for  most  inhibitors  complicates  the  matter  still  further. 
Despite  the  serious  problems  in  such  investigation,  there  are  several  ways 
in  which  a  correlation  may  be  made  with  varying  degrees  of  certainty. 

I.  Correspondence  of  inhibitor  concentrations  used.  The  concentrations 
of  inhibitor  necessary  to  produce  the  enzymic  and  functional  changes  must 
be  comparable.  The  use  of  concentrations  far  in  excess  of  that  inhibiting 
on  isolated  preparations,  as  is  often  done,  eliminates  the  possibility  of 
correlation,  unless  evidence  can  be  produced  that  the  intracellular  concen- 
tration is  lower  than  the  external  concentration  and  similar  to  that  effec- 
tive in  vitro. 

II.  Demonstration  of  specificity  at  the  appropriate  concentration.  When 
the  inhibitor  at  the  concentration  causing  functional  change  can  be  shown 
to  be  specific  in  action  on  one  enzyme  or  metabolic  pathway,  and  in  all 
probability  without  nonenzymic  action,  the  relationship  between  this 
function  and  the  enzyme  attacked  is  more  certain.  However,  there  are  very 
few  instances  where  reasonable  specificity  can  be  attributed  to  an  inhibitor. 

III.  Simultaneous  demonstration  of  functional  and  metabolic  change.  Oc- 
casionally it  is  possible  to  show  that  during  the  change  in  function  there 
is  a  concomitant  inhibition  of  a  particular  enzyme  or  metabolic  process, 
as  by  the  demonstration  of  the  accumulation  of  some  intermediate  analyt- 
ically or  spectroscopically,  or  the  failure  in  formation  of  some  product. 
Of  course,  this  shows  only  that  the  two  effects  are  occurring  simultaneously 
and  does  not  prove  that  a  relation  exists  betweem  them. 

IV.  Reversal  of  functional  change  by  reversal  of  inhibition.  One  of  the 
best  ways,  where  it  is  possible,  to  make  correlation  is  to  show  that  an 
alleviation  of  the  inhibition  is  accompanied  by  restoration  of  normal  func- 
tion. If  the  inhibitor  is  blocking  a  pathway,  the  addition  of  an  intermediate 
past  this  block  may  reverse  the  functional  change.  The  addition  of  pyru- 
vate during  glycolytic  inhibition  by  iodoacetate  is  commonly  used  to  show 
that  the  inhibition  is  indeed  on  glycolysis.  It  is  necessary  to  perform  the 
appropriate  controls,  particularly  the  effect  of  addition  of  the  intermediate 
without  the  inhibitor,  to  establish  that  the  effect  is  reversal  of  the  block. 
The  reversal  of  inhibition  and  functional  alteration  by  adding  a  substance 
that  combines  with  and  removes  the  inhibitor  reveals  nothing. 

V.  Isolation  of  the  inhibited  enzyme.  When  the  enzyme  inhibition  is  reason- 
ably irreversible,  it  is  sometimes  ijossible  to  extract  the  enzyme  in  question 
from  the  tissue  whose  function  has  been  altered,  and  demonstrate  a  degree 
of  inhibition  on  it.  This  merely  shows  that  both  events  occur  and  does  not 
establish   caiisal   relationship. 
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VI.  Use  of  several  inhibitors  or  analogs.  If  the  enzyme  suspected  of  con- 
nection with  the  function  can  be  depressed  to  varying  degrees  by  several 
inhibitors,  a  very  useful  approach  is  to  examine  the  evidence  for  parallel 
effects  on  enzyme  and  function.  Substances  chemically  similar  to  the  basic 
inhibitor,  but  without  inhibitory  action  on  the  enzyme,  should  not  alter 
the  function  if  there  is  indeed  a  relationship  between  the  two  processes. 
This  technique  is  particularly  valuable  when  an  homologous  series  of  sub- 
stances can  be  tested  and  the  degree  of  inhibition  correlated  with  functional 
disturbance. 

The  functional  side  of  the  picture  may  also  be  complex  and  the  final 
cellular  activity  measured  may  be  dependent  on  both  metabolic  and  non- 
metabolic  processes.  One  example  may  be  cited.  The  dependence  of  cardiac 
muscle  contraction  on  high-energy  phosphate  is  being  studied  by  using 
the  uncoupler  of  oxidative  phosphorylation,  2,4-dinitrophenol,  and  it  is 
found  that  the  contractile  force  is  depressed  readily  by  this  substance. 
The  conclusion  might  be  drawn  that  the  cyclic  changes  in  the  state  of  the 
actomyosin  complex  are  directly  controlled  by  the  availability  of  ATP 
and  that  2,4-dinitrophenol  is  producing  its  effect  by  depressing  the  for- 
mation of  ATP  to  be  used  by  the  contractile  elements.  On  the  other  hand, 
when  the  actions  of  2,4-dinitrophenol  on  the  cell  membrane  potentials  are 
recorded  simultaneously  with  the  contractile  response,  it  is  seen  that  at 
least  the  initial  contractile  depression  is  the  result  of  changes  brought  about 
in  the  ionic  fluxes  across  the  membrane  (Webb  and  Hollander,  1956). 
In  this  case,  the  membrane  processes  are  more  sensitive  to  2,4-dinitrophenol 
than  are  the  contractile  events,  but  the  latter,  being  controlled  by  the  na- 
ture of  the  action  potential,  are  secondarily  affected.  A  method  for  deter- 
mining the  relative  effects  of  inhibitors  on  membrane  and  contractile  pro- 
cesses has  been  suggested  (AVebb  and  Hollander,  1959);  if  this  method  is 
valid,  it  would  appear  that  most  inhibitors  affect  both  processes  simultan- 
eously but  to  different  degrees.  Similar  relations  between  membrane  events 
and  the  measured  function  may  occur  in  other  types  of  contractile  cells 
and  in  cells  carrying  out  various  activities,  such  as  secretion  or  cleavage. 

An  example  of  the  difiiculty  in  establishing  a  correlation  between  the 
inhibition  and  the  effect  produced  in  a  relatively  simple  situation  will  be 
cited  for  illustration.  Many  of  the  modern  and  most  potent  insecticides 
are  organophosphorus  compounds  that  are  called  cholinesterase  inhibitors, 
and  it  has  been  generally  assumed  that  the  lethal  action  is  the  result  of 
the  inhibition  of  this  enzyme.  However,  these  substances  are  known  to 
inhibit  other  enzymes  and  recently  the  question  as  to  the  mechanism  of 
their  insecticidal  action  has  been  argued.  In  houseflies  there  are  at  least 
two  enzymes  that  are  very  sensitive  to  the  organophosphorus  compounds, 
a  cholinesterase  and  an  aliesterase  (hydrolyzing  low  molecular  weight 
aliphatic  esters).  Flies  were  exposed  to  several  insecticides  and  the  inhi- 
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bitioii  of  each  of  these  enzymes  was  determined  at  the  time  of  knockdown 
(see  tabulation).  The  results  show  that  at  the  time  of  death  the  cholinester- 
ase  was  inhibited  only  moderately  whereas  the  aliesterase  was  in  some 


Insecticide 

Cholinesterase 

Aliesterase 

Paraoxon 

51 

95 

Parathion 

49 

95 

Diazoxon 

— 

91 

Diazinon 

32 

90 

DDVP 

27 

76 

Co-Ral 

44 

75 

From  Van  Asperen  (1960). 

cases  almost  completely  inhibited.  This  might  be  used  as  evidence  that 
the  lethal  action  is  not  related  to  the  inhibition  of  cholinesterase  but  of 
aliesterase.  However,  this  conclusion  would  be  completely  unjustifiable. 
In  the  first  place,  we  do  not  know  how  much  of  the  cholinesterase  of  the  fly 
must  be  inhibited  so  that  a  marked  disturbance  would  occur  in  the  neuro- 
muscular system;  thus  the  moderate  inhibitions  observed  on  cholinesterase 
might  well  be  sufficient  to  cause  death.  In  the  second  place,  the  inhibition 
of  the  cholinesterase  in  the  tissue  or  region  involved  in  the  lethal  action 
may  be  different  from  the  over-all  inhibition  as  determined  by  extracting 
whole  flies.  Differences  in  the  distribution  of  the  insecticides  or  different 
susceptibilities  of  the  various  tissue  cholinesterases  could  account  for  this. 
In  the  third  lolace,  from  what  little  is  known  of  the  role  of  aliesterases,  it 
might  be  exi)ected  that  even  complete  inhibition  would  not  cause  such 
rapid  death.  The  simple  fact  that  an  enzyme  is  strongly  inhibited  does  not 
necessarily  implicate  it  in  the  mechanism  and  the  relationship  of  this  enzyme 
to  the  function  measured  or  the  life  of  the  organism  must  be  established. 
If  the  inhibition  of  a  single  enzyme  is  responsible  for  an  effect,  this  effect 
should  occur  at  the  same  inhibition  of  the  enzyme  whatever  inhibitor  is 
used;  this  is  not  true  for  either  enzyme  in  the  flies. 


QUANTITATIVE  EXPRESSION  OF  INTRACELLULAR  ENZYME 

INHIBITION 

The  problem  now  to  be  considered  is  this:  to  what  extent  can  the  equa- 
tions derived  for  the  inhibition  of  isolated  enzymes  be  applied  to  inhibition 
within  the  living  cell?  As  a  corollary  to  this,  it  might  also  be  asked  if  it 
is  possible  to  determine  enzyme  and  inhibition  constants  from  the  study 
of  cells  or  tissues.  The  discussion  will  be  restricted  to  inhibition  on  a  single 
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enzyme.  The  problems  posed  by  the  possibility  that  this  enzyme  is  a  com- 
ponent of  a  multienzyme  system  within  the  cell  and  that  the  intracellular 
environment  may  be  quite  different  from  an  artificial  medium  have  been 
treated  already.  The  kinetics  of  enzymes  enclosed  within  membranes  that 
limit  the  diffusion  of  substrates  have  been  developed  by  Best  (1955  b) 
and  Blum  (1956;  Blum  and  Jenden,  1957)  and  have  been  applied  to  hexo- 
kinase  and  /5-fructofuranosidase  in  yeast  cells  (Best,  1955c).  It  may 
be  stated  generally  that  when  an  enzyme  is  within  a  cell,  the  Michaelis- 
Menten  kinetics  no  longer  hold  in  their  simple  form  and  that  the  usual 
reciprocal  plots  are  often  no  longer  linear  or  easily  interpreted.  The  bearing 
of  these  factors  on  intracellular  inhibition  will  now  be  outlined  for  certain 
situations. 

The   Factor  of  Diffusion    into   Cells   of  Different   Shapes 

The  kinetics  of  an  enzyme  enclosed  within  a  membrane  through  which 
its  substrate  must  diffuse  were  presented  in  the  simplest  possible  form  in 
Chapter  2  and  it  will  be  necessary  to  extend  this  treatment  somewhat  to 
provide  a  basis  for  the  discussion  of  inhibition.  The  reciprocal  equation  for 
the  situation  when  diffusion  of  substrate  is  a  factor  in  determining  the  rate 
of  the  reaction  can  be  obtained  from  the  expressions  for  the  rate  of  entry 
and  the  enzyme  rate  (Best,   1955b): 

--4-  +  ^ ^  '9-21) 


VJ8) 


A-o(S) 


where  kg  is  the  permeability  constant,  (S)  is  the  external  concentration  of 
substrate,  and  K,  is  the  substrate  constant  for  the  enzyme  (as  in  Chapters  2 
and  5,  K^.  will  be  used  to  express  the  Michaelis-Menten  constant  but  need 
not  imply  that  it  is  a  dissociation  constant).  When  (S)  is  large,  the  slope 
of  the  1/y  —  1/(S)  plot  will  be  KJV,,^  as  it  would  be  without  the  membrane, 
but  when  (S)  is  small,  the  slope  w^ill  be  greater  and  equal  to  KJVyn  + 
I/Aq,  as  shown  in  Fig.  9-9.  It  may  be  easily  shown  that  both  competitive 
and  noncompetitive  inhibition  will  increase  the  slopes  and  intercepts  to 
the  same  degree  as  in  homogeneous  systems.  The  determination  of  K^ 
thus  presents  no  special  problems,  but  if  the  change  of  slope  is  so  close  to 
the  Ifv  axis  that  a  constant  slope  is  assumed,  it  is  possible  to  obtain  an 
erroneous  value  for  K^.  A  method  for  calculating  the  various  constants  of 
the  uninhibited  system,  including  k^,  based  on  the  original  treatment  of 
Lineweaver  and  Burk  (1934),  has  been  outlined  by  Best  (1955b). 

Extensions  of  this  treatment  can  be  made  to  cells  of  different  shapes. 
A  long  cylindrical  cell,  e.g.  nerve  or  muscle,  in  which  the  enzyme  is  homo- 
geneously distributed,  has  been  considered  by  Blum  (1956)  and  two  re- 


476 


9,  INHIBITION  IN  CELLS  AND  TISSUES 


ciprocal  equations  derived  for  saturating  and  subsaturating  substrate  con- 
centrations (the  second  equation  appears  to  be  written  incorrectly  in  the 
original  publication): 
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where  r  is  the  radius  of  the  cylinder,  k^  is  the  permeability  constant,  D^ 
is  the  diffusion  constant  inside  the  cylinder,  a  =  V„JD^K„  and  the  /'s 


k 


Fig.  9-9.  Double  reciprocal  plot  for  an  en- 
zyme reaction  occurring  within  a  membrane 
of  permeability  constant  kg. 


are  Bessel  functions.  Furthermore,  it  follows  that  in  the  general  case  the 
substrate  concentration  is  not  the  same  throughout  the  cell,  but  decreases 
from  the  membrane  inward  in  an  approximately  exi^onential  fashion.  Con- 
centration profiles  for  cylindrical  cells  were  calculated  for  specific  cases 
and  it  is  seen  that  they  depend  on  all  the  various  permeability,  diffusion, 
and  enzymic  factors.  The  measured  rate  will  be  an  average  of  the  varying 
rates  in  the  cell. 

Cylinders,  spheres,  and  flat  sheets  are  kinetically  analyzed  by  Blum  and 
Jenden  (1957)  and  equations  are  given  for  calculating  the  concentration 
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profiles  within  such  regions.  The  rate  equations  are  quite  complex  but 
the  implications  for  inhibition  are  clear.  For  competitive  inhibition,  since 
the  substrate  concentration  is  not  constant  throughout  the  cells,  the  degree 
of  inhibition  varies  in  characteristic  ways  from  one  region  of  the  cell  to 
another.  The  inhibition  in  such  a  case  will  be  greater  than  predicted  from 
the  external  substrate  concentration,  providing  the  inhibitor  penetrates 
readily  into  the  cells.  Noncompetitive  inhibitors  by  reducing  the  effective 
enzyme  concentration  may  exert  complex  effects  on  the  rate  when  (S) 
is  high  relative  to  K,  (see  Eq.  9-22),  but  when  (S)  is  low  the  increased  slope 
of  the  Ijv  —  1/(S)  plot  will  be  identical  to  that  of  the  enzyme  without  geo- 
metrical constraint.  The  other  methods  of  plotting  will  frequently  result 
in  nonlinearity  but  the  present  state  of  our  knowledge  would  not  justify 
an  accurate  analysis  of  these  relationships. 


The    Factor  of  Intracellular   Concentrations   of  Substrate   and    Inhibitor 

The  intracellular  concentration  of  an  inhibitor  may  be  different  from 
that  in  the  external  medium  for  reasons  already  discussed.  It  will  now  be 
pertinent  to  investigate  how  this  may  modify  the  quantitative  expression 
of  inhibition.  The  procedure  is  simple:  the  internal  concentration,  (I,), 
is  expressed  in  terms  of  the  external  concentration,  (I^),  and  is  substituted 
in  the  equations  of  inhibition  developed  in  previous  chapters.  The  diffi- 
culty lies  in  our  ignorance  of  how  to  express  (I,)  in  terms  of  (I^,).  There 
are  actually  many  possible  relations.  One  immediately  thinks  of  the  ex- 
pression (I,)  =  ''((If)  where  /•,  is  simply  the  ratio  of  concentrations  inside 
and  outside  the  cell.  The  fractional  degree  of  noncompetitive  inhibition 
would  then  be  given  bv: 
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When  l/r,  is  plotted  against  1/(S).  the  intercept  on  the  I  v  axis  will  be 


1 


1  + 


K. 


and  the  slope  will  be 


K. 


Thus  by  this  method  one  will  obtain  not  K^  but  K^jr^  by  the  usual  calcu- 
lation. The  type  D  plot  of  l/v,  against  (I^,)  will  be  linear  with  the  same  in- 
tercept as  for  a  noncellular  enzyme  (see  Fig.  5-3),  but  the  slope  will  now  be 


1  + 


Dividing  the  intercept  by  the  slope  will  not  give  K^  but  K^h\.  Likewise, 
the  intercept  on  the  (I)  axis  will  now  be  —  K^'r^  instead  of  —  K^.  A  type 
F  plot  will  result  in  a  horizontal  line  but  at  K.jrj  rather  than  K;.  as  may 


478  9.  INHIBITION  IN  CELLS  AND  TISSUES 

be  seen  by  evaluation  of  (IJ(1  —  i)li  (see  Fig.  5-3).  Thus  in  these  methods, 
and  in  the  others  as  well,  the  determination  of  K^  may  be  seriously  in  er- 
ror if  the  internal  and  external  inhibitor  concentrations  differ  appreciably. 

The  uptake  of  2,4-dinitrophenol  by  yeast  cells  follows  this  simple  re- 
lationship over  the  range  of  concentrations  generally  used,  since  an  increase 
in  the  external  concentration  from  0.0495  mM  to  0.198  niM  (fourfold 
increase)  led  to  a  rise  in  the  internal  concentration  from  5.2  to  20.1  (3.9- 
fold  increase)  (Kiesow,  1959).  These  concentrations  produced  a  strong  in- 
hibition of  the  respiration  and  an  inhibition  of  the  Pasteur  effect.  However, 
the  simple  situation  in  which  (Ij)/(I^)  remains  constant  for  any  external 
concentration  of  inhibitor  is  probably  rare.  This  may  well  hold  true  over 
a  limited  range  of  concentration  but  in  most  cases  the  internal  concen- 
tration reaches  a  maximal  level  as  the  external  inhibitor  concentration  is 
increased.  When  active  transport  or  exclusion  of  the  inhibitor  occurs,  the 
mathematical  expression  of  (Ij)  in  terms  of  (I^)  will  be  impossible,  unless 
the  actual  concentrations  can  be  determined.  For  inhibitors  that  are  weak 
acids  or  bases,  the  relationship  between  inner  and  outer  concentrations 
may  be  complex  and  will,  of  course,  depend  on  the  external  and  internal 
pH  (see  Chapter  14). 

Cornpetitive  inhibition  will  involve  in  addition  the  intracellular  con- 
centration of  the  substrate,  (S,),  which  may  be  related  to  the  external 
concentration,  (S^),  in  a  manner  similar  to  or  different  from  the  inhibitor. 
The  simplest  expression  would  again  be  (S^)  =  rg{Sg).  The  rate  and  inhi- 
bition equations  would  then  be  given  by: 
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to  correspond  to  Eqs.  3-12  and  3-13.  The  analytical  plots  may  differ  even 
more  from  the  isolated  enzyme  situation  than  those  discussed  above  for 
noncompetitive  inhibition.  If  one  could  be  certain  of  these  simple  rela- 
tionships and  the  similarity  of  the  extracellular  and  intracellular  enzyme, 
one  might  use  such  methods  to  obtain  an  idea  of  the  values  of  r,  or  r^,  but 
the  assumptions  are  generally  too  untenable.  At  least  the  possibility  of 
distinguishing  between  competitive  and  noncompetitive  inhibitions  within 
cells  is  a  reality  since  the  usual  analytical  plots  will  remain  linear  and  have 
the  characteristics  shown  in  Fig.  5-1  and  5-3  when  the  relation  between 
internal  and  external  concentrations  is  a  simple  function. 
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INHIBITION    IN    TISSUE    SLICES   AND    ISOLATED    TISSUE 

PREPARATIONS 

Tissue  slices  are  used  so  commonly  in  metabolic  studies  that  attention 
will  now  be  turned  to  some  of  the  special  problems  encountered  when  using 
inhibitors.  The  abnormality  of  tissue  slices  has  been  frequently  emphasized 
and  experimentally  investigated,  both  histologically  and  biochemically. 
The  outside  layers  of  damaged  cells;  the  possible  anoxia  of  the  innermost 
cells;  the  leakage  of  ions,  proteins,  and  enzymes  from  the  slices  during  in- 
cubation; these  are  problems  in  any  work  on  such  preparations,  but  here 
only  the  points  relevant  to  inhibition  will  be  mentioned. 

Penetration  of  Inhibitors   into  Slices 

A  slice  of  tissue  0.4  mm  (400  /^)  in  thickness  may  be  composed  of  10  to  20 
layers  of  cells  and  an  inhibitor,  if  it  cannot  penetrate  between  the  cells, 
must  penetrate  successively  many  cell  membranes  to  reach  the  interior 
of  the  slice.  Thus  it  may  require  a  fairly  long  interval  for  the  inhibitor  to 
be  uniformly  distributed  in  all  the  cells.  Another  factor  may  also  slow 
down  penetration.  This  is  the  binding  of  certain  inhibitors  to  cell  material 
as  they  come  into  contact  with  it.  An  inhibitor  which  reacts  readily  with 
protein,  such  as  a  heavy  metal  ion,  will  be  concentrated  in  the  external 
layers  of  the  slice  during  the  early  period  of  incubation  inasmuch  as  a  major 
fraction  that  enters  the  slice  will  be  immediately  bound.  The  inhibition 
during  these  early  phases  can  be  very  inhomogeneous  and  the  measured 
degree  of  inhibition  only  a  kinetically  meaningless  average  value.  A  pro- 
gressive depression  of  metabolism  might  be  interpreted  in  terms  of  the  rate 
of  inhibition  of  an  enzyme  system  but  it  could  just  as  well  be  explained 
on  the  basis  of  a  delayed  entrance  of  the  inhibitor  into  the  slice.  A  kinetic 
analysis  of  an  inhibition  in  slices,  in  the  manner  of  the  preceding  section, 
presupposes  a  uniform  distribution  of  the  inhibitor. 

Binding  of  the  Inhibitor  to  Nonenzymic  Material 

Using  isolated  enzymes  one  can  often  neglect  any  reduction  in  inhibitor 
concentration  arising  from  binding  to  nonenzymic  substances  but  with 
tissue  slices  or  strips  the  amount  of  this  nonenzymic  material  is  much  greater 
relative  to  the  enzymes  attacked.  The  specific  inhibitor  concentration, 
(F)  =  (I)  IK  I,  is  not  sufficient  to  predict  if  depletion  will  occur,  because 
this  will  now  depend  on  the  various  dissociation  constants  and  concentra- 
tions of  all  the  substances  to  which  the  inhibitor  may  be  bound.  Let  us 
take  an  organic  arsenical  as  an  example.  If  its  molecular  weight  is  175 
and  it  is  used  at  0.01  mM  concentration  in  a  reaction  medium  of  3  ml, 
the  total  amount  of  inhibitor  present  is  0.00525  mg.  If  the  ability  of  the 
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tissue  to  bind  the  arsenical  is  only  0.01%  (0.1  mg  arsenical  per  gram  of 
tissue)  and  100  mg  of  tissue  are  present,  0.01  mg  of  the  inhibitor  can  be 
bound  maximally,  and  this  is  approximately  twice  as  much  as  is  present. 
This  factor  can  then  be  easily  of  importance,  particularly  with  the  more 
potent  inhibitors.  The  kinetics  in  such  cases  will  be  similar  to  those  for 
mutual  depletion  systems  and  the  calculation  of  inhibition  constants  by 
the  use  of  the  classic  plotting  techniques  can  lead  to  very  erroneous  values. 
The  uncoupling  agent,  2,4-dinitrophenol,  is  not  a  substance  that  is 
strongly  bound  to  cellular  material,  and  yet  when  different  cell  densities 
of  yeast  suspension  were  equilibrated  with  0.49  milf  2,4-dinitrophenol,  the 
amount  taken  up  per  cell  decreased  with  increasing  density  (Kiesow,  1959). 
The  falling  off  was  particularly  evident  when  the  total  cell  volume  reached 
100  mm^  and  it  was  calculated  that  over  half  the  uncoupler  could  be  de- 
pleted from  the  medium.  Inasmuch  as  this  uptake  was  readily  reversible 
and  dead  cells  took  up  very  little  2,4-dinitrophenol,  it  would  seem  that 
binding  to  the  cell  components  is  not  the  reason  for  the  accumulation  in 
the  yeast  cells.  If  the  concentration  of  2,4-dinitrophenol  had  been  lower, 
as  it  usually  is  in  uncoupling  experimen~ts,  the  depletion  from  the  medium 
would  have  been  more  marked.  Thus  the  factor  of  reduction  in  the  inhibitor 
concentration  must  be  at  least  considered  in  most  work  done  with  living 
cells  or  tissues. 

The    Functional   State   of  the  Tissue 

It  is  well  known  that  both  the  rate  and  pattern  of  metabolism  vary 
with  the  functional  activity  of  a  cell  or  tissue.  The  problem  often  arises 
as  to  the  state  of  a  tissue  slice  and  if  results  with  inhibitors  on  them  can 
be  applied  to  the  intact  functioning  tissue.  Difficulties  arise  even  with 
more  intact  tissue  preparations,  such  as  isolated  atria,  ventricular  strips, 
or  intestinal  segments,  unless  the  contractility  can  be  measured  simultan- 
eously with  the  metabolism  or  in  some  manner  correlated  with  it.  Kidney 
slices  can  perform  transport  work  under  appropriate  conditions  but  in 
most  cases  their  activity  is  far  below  that  of  intact  renal  tissue.  The  re- 
lation between  function  and  metabolism  in  tissue  slices  has  been  studied 
most  carefully  on  the  brain  (Mcllwain,  1959),  where  electrical  stimulation 
of  the  tissue  in  respirometer  flasks  results  not  only  in  a  new  pattern  of 
metabolism  but  alters  the  sensitivity  of  the  metabolism  to  various  drugs 
and  inhibitors.  lodoacetate,  fluoride,  and  malonate  depress  stimulated 
brain  slices  more  readily  than  resting  slices;  10  mM  malonate  has  no  effect 
on  the  respiration  of  resting  slices  but  1-2  mM  malonate  is  inhibitory  to  the 
extent  of  12-40%  when  electrical  stimulation  is  induced.  It  is  quite  probable 
that  similar  behavior  would  be  demonstrated  by  other  tissues.  Designation 
of  the  usual  tissue  slice  as  resting  is  perhaps  not  always  justified.  What  is 
the  functional  state,  for  example,  of  a  myocardial  slice  in  a  Warburg  vessel? 
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It  is  not  rhythmically  contracting  but  it  is  not  necessarily  resting  in  the 
sense  of  existing  in  its  functionally  lowest  level.  Some  depolarization  of 
the  cell  membranes,  due  to  damage  or  artificial  conditions,  may  occur  and 
this  may  induce  a  partial  contracture,  or  alter  the  metabolism  in  the  ab- 
sence of  any  contractile  changes  since  ionic  pumps  may  be  more  active 
than  in  the  idealized  resting  state. 

Cell  Population  in  a  Tissue  Slice 

No  tissue  slice  is  composed  entirely  of  a  single  type  of  cell.  Whatever 
else  may  be  present,  there  are  always  vascular  cells  or  connective  tissue. 
These  cells  contribute  to  the  total  metabolic  processes  to  greater  or  lesser 
degrees  and  occasionally  introduce  a  different  type  of  metabolism  from  that 
of  the  principal  cells  being  investigated.  There  is  virtually  nothing  one 
can  do  about  this  but  to  realize  that  it  can  cause  deviations  in  kinetic  be- 
havior which  make  the  calculation  of  inhibition  constants  more  difficult. 
In  some  cases  a  major  fraction  of  the  inhibitor-stable  metabolism  could 
be  due  to  a  minority  population  of  cells  resistant  to  the  inhibitor.  The  same 
must  apply  to  any  tissue  preparation  and  particularly  to  complex  aggre- 
gates of  different  cells  such  as  one  would  find  in  an  isolated  intestinal  seg- 
ment. 

DIFFERENTIAL    EFFECTS    OF    INHIBITORS    IN    WHOLE 

ANIMALS 

When  an  inhibitor  is  introduced  into  an  animal  it  will,  at  proper  dosage 
ranges,  affect  some  tissues  more  than  others  and,  in  rare  instances,  may 
even  act  specifically  on  one  type  of  cell.  It  is,  indeed,  this  specificity  which 
is  of  primary  importance  in  the  development  of  compounds  which  will 
depress  or  kill  those  abnormal  or  invasive  cells  responsible  for  much  dis- 
ease. The  differential  actions  of  inhibitors  on  tissues  will  be  a  fundamental 
theme  running  through  all  the  chapters  devoted  to  the  individual  inhibitors. 
The  question  to  be  considered  now  is:  what  are  the  reasons  for  the  different 
susceptibilities  of  tissues  to  inhibitors? 

Inhibitors  are  distributed  inhomogeneously  in  the  body,  being  concen- 
trated in  some  tissues  and  deficient  in  others,  and  this  is  certainly  one  very 
important  reason  for  the  differential  effects  usually  observed.  This  has 
been  covered  in  the  previous  chapter.  The  distribution  factor,  however, 
cannot  by  any  means  explain  most  cases  of  specificity  and  in  some  instances 
it  would  appear  that  an  inhibitor  is  quite  equally  distributed  between  tis- 
sues resi^onding  very  differently. 

Each  type  of  cell  in  the  animal  body  has  a  characteristic  pattern  of 
metabolism,  probably  distinct  from  every  other  type  of  cell,  and  for  this 
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reason  one  would  espect  the  tissues  to  respond  in  different  ways  to  inhibi- 
tors of  metabolism.  Differences  become  even  greater  when  the  microorgan- 
isms that  invade  our  tissues  are  also  considered.  The  concentrations  of 
substrates,  intermediates,  and  coenzymes  vary  from  tissue  to  tissue,  and 
depend  upon  the  blood  supply,  the  permeability  characteristics,  and  the 
nature  of  the  metabolism.  Marked  variations  in  glucose  content  of  tissues 
have  been  demonstrated  by  Gey  (1956)  in  the  rat  (see  tabulation).  The 


Tissue 

Glucose  (mg/100  mg) 

Brain 

8 

Testis 

9 

Leg  muscle 

22 

Diaphragm 

25 

Spleen 

23 

Kidney 

51 

Lung 

63 

Liver 

82 

effects  of  inhibitors  acting  on  glucose  metabolism  may  differ  because  of 
this  factor  alone,  as  well  as  being  dependent  on  the  different  activities 
of  the  metabolism  that  help  determine  these  variations  in  glucose.  The 
very  high  concentration  of  2,3-diphosphoglycerate  in  erythrocytes  (1.57 
milf)  which  is  unique  to  these  cells,  could  well  determine  the  nature  of  the 
response  to  certain  inhibitors  (Bartlett  et  al.,  1953)  and  serves  as  an  exam- 
ple of  the  great  biochemical  variety  to  be  expected.  The  intracellular  con- 
centration of  a  substrate  or  intermediate  is  of  particular  importance  in 
determining  the  effect  produced  by  a  competitive  inhibitor. 

The  most  fundamental  reason  for  metabolic  divergence  between  tissues 
is  j)robably  to  be  sought  in  the  widely  varying  relative  concentrations  of 
the  various  enzymes.  An  excellent  table  of  such  relative  concentrations 
is  given  by  Dixon  and  Webb  (1958,  p.  642).  Especially  detailed  analyses 
have  recently  been  made  of  enzymes  in  the  anatomically  distinguishable 
regions  of  the  central  nervous  system. 

The  distribution  of  glutamic-y-aminobutyric  transaminase  in  tlie  nerv- 
ous system  of  the  Rhesus  monkey  is  very  interesting  and  certainly  re- 
lated to  the  functional  differences  and  susceptibility  to  metabolic  inhibition 
(Salvador  and  Albers,  1959).  In  some  regions  (optic  stalk,  lateral  pyramids, 
fasciculus  gracilis)  none  could  be  detected,  while  in  other  regions  the 
values  ranged  widely:  globus  pallidus,  52;  red  nucleus,  62;  reticular  forma- 
tion, 113;  anterior  hypothalamic  nucleus,  149;  inferior  colliculus,  219,  and 
inferior  olivary  nucleus,  294.  There  is  very  little  in  the  peripheral  regions, 
such  as  the  spinal  cord  or  ganglia.  Within  the  cortex  the  enzyme  is  present 
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in  greater  amounts  in  certain  cell  layers  and  is  found  to  be  very  high  in  the 
molecular  layer  of  the  cerebellar  cortex.  The  distribution  of  glutamic 
decarboxylase  (Albers  and  Brady,  1959)  is  equally  inhomogeneous  but 
different  from  the  previous  enzyme:  lumbar  spinal  cord,  15,  pons  and  me- 
dulla, 34;  motor  cortex,  62;  cerebellum.  79;  thalamus,  85;  hypothalamus, 
96;  and  midbrain.  100.  Cytochrome  oxidase  and  dipeptidase  have  been 
determined  in  the  human  central  nervous  system  and  the  relation  of  the 
former  to  the  different  respiratory  rates  has  been  discussed  (Pope  et  at., 
1957).  The  distribution  of  eight  enzymes  involved  in  glucose  metabolism 
and  two  cycle  enzymes  has  been  studied  in  the  cerebellum  (Robins  et  al., 
1957).  The  distribution  of  certain  dehydrogenases  between  the  gray  and 
white  matter  of  human  brain  perhaps  indicates  a  concentration  of  these 
enzymes  in  the  synaptic  regions  (Tyler,  1960).  Thus  lactate  dehydrogenase 
concentrations  are  3.2-9.2  in  gray  matter  and  2.9-4.5  in  white  matter, 
while  malate  dehydrogenase  concentrations  are  11.8-23.1  in  gray  matter 
and  10-15  in  white  matter,  the  figures  being  units  per  milligram  of  tissue 
weight.  All  of  these  results  indicate  strongly  that  the  metabolic  patterns 
of  the  regions  within  the  central  nervous  system  are  sometimes  quite  dif- 
ferent. Here  one  has,  then,  metabolic  differentiation  in  one  type  of  tissue, 
so  that  variations  are  to  be  visualized  not  only  between  different  tissues 
but  between  the  histologically  and  functionally  separable  regions  or  cells 
of  a  single  tissue. 

When  an  inhibitor  combines  with  an  enzyme  in  an  irreversible  or  pseudo- 
irreversible  fashion,  the  relative  effects  on  the  tissues  throughout  the  body 
will  in  part  depend  on  the  concentrations  of  enzyme  in  these  tissues,  the 
fractional  inhibition  being  inversely  related  to  the  amount  of  enzyme  (see 
Chapter  3).  When  the  response  of  tissue  function  is  being  measured,  however, 
the  relative  effects  will  be  related  also  to  the  dependency  of  the  function 
on  the  particular  enzyme  or  metabolic  pathway  inhibited,  since  the  tissue 
experiencing  the  greatest  metabolic  inhibition  is  not  necessarily  the  one 
being  most  functionally  disturbed. 

The  so-called  branching  points  in  metabolism  may  be  of  special  impor- 
tance in  the  different  responses  of  tissues  to  inhibitors.  These  branching 
points  may  be  the  source  of  divergent  chains  or  bilinear  shunts.  Some  tis- 
sues are  undoubtedly  resistant  to  certain  inhibitors  because  they  possess 
a  pathway  that  circumvents  the  locus  of  block.  Pyruvate  is  one  of  the  pri- 
mary branching  sites  in  the  cell,  since  often  it  may  be  metabolized  in  sev- 
eral different  ways.  Pyruvate  in  animal  tissues  can  enter  the  cycle  in  two 
different  ways;  the  condensation  with  CO.,  to  form  dicarboxylic  acid  which 
increases  the  amount  of  cycle  intermediates  and  allows  synthesis,  and  it 
can  also  be  oxidatively  decarboxylated  to  acetyl-CoA  which  can  be  used  as 
an  energy  source  in  the  cycle.  Injection  of  DL-alanine-2-C^*  into  rats  and 
the  determination  of  the  labeling  in   L-glutamate   indicates  the  relative 
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amounts  entering  the  cycle  by  these  two  routes  (Freedman  et  al.,  1958).  It 
was  found  that  in  fasted  animals  the  primary  route  is  the  former  condensa- 
tion, with  fats  being  used  for  energy,  whereas  in  animals  given  glucose  there 
was  an  appreciable  amount  of  pyruvate  oxidatively  decarboxylated.  In 
contrast  to  liver,  the  Murphy- Sturm  sarcoma  oxidatively  decarboxylated 
pyruvate  even  in  the  fasted  animal.  Thus  the  branching  point  must 
somehow  differ  in  these  two  tissues  and  this  difference  could  serve  as  the 
basis  for  differential  response  to  inhibitors  acting  on  enzymes  in  this  re- 
gion. These  experiments,  incidentally,  illustrate  well  the  fact  that  the  nu- 
tritional state  of  the  animal  is  sometimes  of  the  utmost  importance  in 
their  susceptibility  to  inhibitors,  and  examples  of  this  w^ill  be  cited  in  the 
chapters  dealing  with  the  inhibitors  on  which  it  has  been  studied. 

Finally  we  must  consider  the  relationship  of  the  response  to  inhibitors 
to  the  height  of  the  functional  activity  of  the  tissue.  It  is  commonly  stated 
that  those  tissues  with  the  greatest  activity  are  more  susceptible  to  inhi- 
bition than  quiescent  tissues.  This  is  not  necessarily  true  in  general,  since 
a  very  active  function  in  one  tissue  may  depend  on  an  entirely  different 
metabolic  basis  than  a  less  active  function  in  another  tissue.  However,  if 
one  restricts  attention  to  a  single  function,  the  statement  may  have  some 
validity.  It  is  quite  obvious  that  an  inhibitor  depressing  processes  con- 
nected with  cell  growth  or  division  will  more  readily  affect  those  cells  that 
are  growing  rapidly  and  can  have  very  little  or  no  effect  on  nongrowing 
cells.  It  is  on  this  principle  that  some  metabolic  inhibitors  have  been  used 
to  suppress  selectively  growing  tumor  cells  or  rapidly  proliferating  micro- 
organisms in  the  body.  It  has  been  noted  previously  that  the  functional 
dependency  on  the  levels  of  ATP  can  be  the  origin  of  different  responses 
to  inhibitors;  an  activity  requirhig  a  high  iVTP  level  will  be  depressed  be- 
fore one  capable  of  proceeding  with  low  concentrations  of  ATP,  when  for- 
mation of  ATP  is  interfered  with.  It  has  also  been  observed  that  increasing 
activity  would  appear  to  imply  in  some  cases  a  progressively  greater  frac- 
tion of  a  type  of  metabolism  different  from  that  of  the  resting  cell,  so  that 
an  inhibitor  specifically  blocking  this  •■activity"  type  of  metabolism  would 
presumably  be  able  to  depress  more  easily  cells  with  high  activity.  Another 
factor  which  has  not  been  considered  as  yet  is  the  possibility  that  an  in- 
hibitor enters  an  active  cell  more  raj^idly  than  a  resting  cell.  This  could 
easily  be  the  case  with  ionic  inhibitors  since  in  many  cells  activity  involves 
a  depolarization  of  the  plasma  membrane  with  resultant  breaking  down  of 
the  electrostatic  barrier  to  penetration.  So  that  one  might  predict  on  the 
basis  of  the  above  reasoning  that  the  administration  of  an  inhibitor  to  an 
animal  would  primarily  cause  changes  in  function  in  the  most  active  tis- 
sues, such  as  the  heart  or  brain  with  respect  to  conduction  and  contraction, 
or  the  kidney  with  respect  to  active  transport  processes,  or  the  hematopoi- 
etic  system   or  testes  with   respect  to  cell  proliferation,   and  in  general 
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this  prediction  is  borne  out.  But  there  are  other  instances  where  unex- 
plainable  specific  effects  are  directed  towards  certain  tissues,  such  as  the 
selective  pancreatic  effect  of  alloxan. 

ENZYME    VARIABILITY 

It  is  generally  accepted  that  the  enzymes  of  different  species  or  of  dif- 
ferent tissues  of  the  same  species  often  differ  with  respect  to  certain  prop- 
erties, even  though  the  enzymes  are  all  included  under  the  same  name. 
The  susceptibility  of  these  enzymes  from  different  sources  also  varies.  But 
recently  a  further  type  of  variability  has  been  recognized  (Kalow  and  Da- 

Table  9-2 
Inhibition   of  Human   Serum   Cholinesterases  " 


pl 

50 

l-tatio 

Inhibitor 

(Dso  (atypical) 

Normal  ChE 

Atypical  ChE 

Oso  (normal) 

Choline 

1.52 

1.23 

2.0 

Tetramethylanimoniuni 

1.5.5 

1.15 

2.5 

Meperidine 

3.12 

2.74 

2.3 

Succinylcholine 

4.01 

2.02 

99 

Procaine 

4.36 

3.23 

14 

Decaniethonium 

4.88 

2.74 

141 

Dibucaine 

5.57 

4.27 

20 

Diisopropylfluorophosphate 

8.70 

8.70 

1 

Xeostigmine 

6.89 

5.48 

25 

Physostigniine 

7.84 

6.57 

18 

"  From    Kalow   and   Davics   (1958) 


vies,  1958).  Human  sera  were  selected  on  a  genetic  basis  and  postulated 
to  contain  either  the  usual  serum  cholinesterase,  an  atypical  variety  of 
cholinesterase,  or  both  enzymes.  Inhibition-concentration  curves  for  six- 
teen different  inhibitors  showed  that  generally  both  enzymes  occurred 
but  in  quite  different  proportions.  These  two  cholinesterases  differ  very 
markedly  in  their  susceptibility  to  inhibitors  (Table  9-2).  The  curves  for 
certain  sera  and  inhibitors  showed  very  clearly  the  superposition  of  two 
curves  representing  the  effect  on  each  enzyme.  The  active  centers  of  these 
enzymes  must  differ  significantly.  If  the  occurrence  of  two  different  varie- 
ties of  enzyme  were  not  recognized,  inhibition  experiments  on  serum  might 
lead  to  some  very  erroneous  conclusions  as  to  the  x^roperties  of  the  assumed 
single  enzyme.  Furthermore,  results  on  the  sera  from  different  individuals 
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might  be  interpreted  as  indicating  a  spectrum  of  different  cholinesterases 
instead  of  variable  mixtures  of  two  enzymes.  There  is  no  reason  to  suppose 
that  this  phenomenon  is  restricted  to  human  sera  and  it  is  probable  that 
similar  genetic  variations  occur  with  regard  to  other  enzymes  and  other 
species.  The  over-all  effects  of  inhibitors  on  animals  may  thus  vary  from 
one  individual  to  another  because  the  susceptible  enzyme  occurs  in  different 
forms  and  these  forms  in  different  proportions.  When  two  or  more  enzymes 
catalyze  the  same  reaction  and  inhibition  of  each  is  different,  the  over-all 
inhibition  is: 

i'l^i    +  i2V2    +   ...    +  inVn  ,„  ^-, 

t  =  (9-27) 


where  Vf^  is  the  total  uninhibited  rate. 

Some  readers  may  believe  that  an  undue  amount  of  emphasis  has  been 
placed  in  this  chapter  on  the  complexities  of  interpretation  when  inhibitors 
are  used  in  living  systems.  It  is  certainly  not  the  intention  to  discourage  but 
only  to  point  out  some  of  the  reasons  for  not  adopting  the  naive  approach 
that  has  often  been  evident.  One  cannot  with  impunity  ignore  the  almost 
limitless  complexity  of  functioning,  metabolizing,  and  self-perpetuating 
cells  and  it  is  only  reasonable  to  expect  that  disturbances  in  the  normal 
state  will  be  beset  by  an  equal  degree  of  complexity  in  their  interpretation. 
The  situation  is  by  no  means  hopeless  but  it  is  only  by  the  realization  of  the 
difficulties  that  theoretical  and  technical  advances  can  be  made,  so  that 
the  ultimate  answers  will  become  penultimate.  "Only  the  most  fortunate 
combination  of  circumstances  will  allow  one  to  relate  quantitatively  the 
action  of  an  enzyme  in  an  extract  and  its  activity  in  the  intact  cell"  (Da- 
venport, 1956).  One  of  the  aims  of  the  investigator  is  to  ensure  the  occur- 
rence of  this  "fortunate  combination  of  circumstances."  "An  outstanding 
biochemist  once  remarked  that  only  uninhibited  investigators  use  inhibitors 
in  complex  biological  systems"  (Racker,  1956);  it  would,  perhaps,  be  more 
correct  to  say  that  only  uninhibited  investigators  draw  dogmatic  conclu- 
sions from  such  experiments. 


CHAPTER  10 

EFFECTS    OF   MORE   THAN    ONE    INHIBITOR 


The  use  of  two  or  more  inhibitors  simultaneously  will  often  produce 
results  or  achieve  effects  not  possible  with  a  single  inhibitor,  just  as  the 
administration  of  more  than  one  drug  will  occasionally  provide  a  more 
effective  or  selective  response.  As  knowledge  of  the  actions  of  inhibitors 
increases,  it  becomes  more  and  more  feasible  to  apply  combinations  of 
inhibitors  rationally  in  the  investigation  of  enzyme  mechanisms  or  patterns 
of  metabolism.  It  may  also  be  possible  with  multiple  inhibitors  to  establish 
effective  metabolic  blockades  in  abnormal  cells,  as  has  been  envisioned  by 
Potter  (1951)  for  the  selective  depression  of  neoplastic  growth  by  sequential 
inhibition.  The  different  inhibitors  may  act  on  the  same  enzyme;  on  the 
other  hand,  entirely  different  enzymes  may  be  inhibited  and  these  enzymes 
can  be  either  closely  related  functionally,  as  in  a  multienzyme  sequence, 
or  quite  separated  in  the  cellular  metabolic  pattern.  Inasmuch  as  no  gen- 
eral term  has  been  used  for  situations  in  which  two  or  more  inhibitors  act 
simultaneously,  it  is  suggested  that  this  be  called  multiple  inhihition,  and 
this  term  will  be  used  to  include  all  the  various  possible  types.  There  are 
only  a  few  isolated  examples  of  multiple  inhibition  in  the  literature  and 
these  will  be  discussed  in  some  detail,  but  it  is  likely  that  this  is  an  approach 
that  will  become  increasingly  more  important  and  therefore  a  generalized 
treatment,  that  may  be  useful  in  future  investigations,  will  be  given.  The 
kinetics  of  multiple  inhibition  have  been  previously  worked  out  only  for 
some  special  cases  so  that  it  may  be  valuable  to  present  expressions  for  sit- 
uations that  have  not  yet  been  experimentally  demonstrated,  in  order 
that  both  the  advantages  and  disadvantages  of  multiple  inhibition  can  be 
visualized  in  particular  instances.  It  should  be  obvious  that  the  use  of  two 
or  more  inhibitors  introduces  complications  into  an  already  complex  subject, 
especially  when  a  living  cellular  system  is  under  investigation,  and  that  the 
indiscriminate  application  of  multiple  inhibitors  will  be  detrimental  to 
progress  in  both  the  theoretical  and  practical  aspects.  It  might  be  suggested 
that  two  or  more  inhibitors  should  be  used  simultaneously  only  when  there 
is  a  rational  reason  for  their  use,  based  vipon  an  accurate  knowledge  of  the 
actions  of  the  individual  inhibitors. 
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10.    EFFECTS    OF    MORE    THAN    ONE    INHIBITOR 


TWO   INHIBITORS  ACTING   ON   A  SINGLE   ENZYME 


When  two  inhibitors  and  a  substrate  react  with  an  enzyme,  it  is  necessary 
to  consider  all  the  possible  interactions  between  the  components  of  the 
system.  The  situations  conceivably  range  from  the  case  in  which  all  the 
reactants  bind  at  the  active  site  and  completely  interfere  with  the  attach- 
ment of  each  other  to  the  enzyme,  so  that  only  the  complexes  ES,  EI^, 
and  EIo  are  present,  to  the  case  in  which  all  the  reactants  are  capable  of 
binding  to  the  enzyme  independently,  so  that  in  addition  to  the  above  com- 
plexes, ESIi,  ESI2,  EI^Ij,  and  ESI^Ig  also  occur.  The  kinetics  will  thus  de- 
pend primarily  on  the  type  of  inhibition  —  competitive,  noncompetitive, 
uncompetitive,  etc.  —  exerted  by  each  inhibitor.  A  semigeneralized  treat- 
ment of  single  enzyme  multiple  inhibition  will  now  be  presented,  the 
ES  complex  being  considered  for  simplicity  to  be  the  only  active  form 
capable  of  forming  the  product.  The  following  reaction  scheme  may 
be  written: 


aK 


EIJ2S 


(10-1] 


for   which  the  conservation  equation   takes  the  form 


(E, 


(E)  +  (ES)  +  (ET,)  +  (EI2)  +  (EIiS)  +  (EI^S)  +  (EIJ^)  +  (EIJ^S). 


Assuming  that  Vj  =  A:(ES),  the  rate  of  the  inhibited  reaction  may  be  ex- 
pressed as: 

F„,(S)' 


1  +  (I.)'  +  (I.)'  +  ^^^^^^^  +  (S)' 


:  ,  di)'  ,  (I2)'  ,  (ii)'(i.)' 


ocf^Y 


(10-2) 


where  specific  concentrations  have  been  used  for  convenience.  The  constants 
a,  /?,  and  y,  giving  the  degrees  of  alteration  of  the  binding  of  each  component 
brought  about  by  the  presence  of  the  other  components  on  the  enzyme, 
may  be  assigned  various  values  depending  on  the  type  of  inhibition  occur- 
ring. Taking  into  consideration  only  competitive  and  noncompetitive  in- 
hibition, one  would  expect  four  situations  to  be  most  common. 
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Both  inhibitors  competitive  {a  =  /3  =  y  =  oo):  if  each  inhibitor  prevents 
the  substrate  from  binding  to  the  enzyme,  it  is  likely  that  they  will  inter- 
fere with  each  other. 


(S)'   +  1    +  (I,)'   4-  (I,)' 

(I.)'  +  ihr 

(S)'  +  1  +  (I,)'  +  (I,)' 


(10-3) 
(10-4) 


Both  inhibitors  noncompetitive  (/?  =  y  =  1):  there  would  be  two  extreme 
situations  —  either  the  inhibitors  react  at  a  similar  locus  and  would  thus 
interfere  completely  with  each  other's  binding  (a  =  go),  or  the  inhibitors 
may  react  at  different  loci  independently  (u  =  1). 


Binding  of  inhibitors  at  the  same  site  {a  =  oo): 

F„(S)' 


[(S)'   -J-  1]   [1    ^  (I:)'   +  (I2)'] 
(Ii)'   +  (I2)' 


1    +  (I,)'   4-  (I,)' 

Binding  of  inhibitors  at  different  sites  (u  —  \] 

F,,„(S)' 


[(S)'  4    1]   [1  +  (I,)'  +  (T,)'  +  (I,)'  (T,)'] 
dJ'  +  (I,)'  +  {\,)'{l,)' 


1  -^  da)'  +  (I2)'  +  (Ii)'(I. 


(10-5) 

(10-6) 

(10-7) 
(10-8) 


One  inhihitor  (I^)  is  competitive  and  the  other  (I2)  is  noncompetitive  {a  = 
y  =  1,  /?  =  oc):  the  inhibitors  may  or  may  not  interfere  with  each  other's 
binding  but  it  is  most  likely  that  they  will  not  since  they  presumably  react 
at  different  loci. 


[(S)'  +  di)'  +  1]  [(!,)'  +  1] 

(I,)'  +  (i,)'[(S)'  +  a,y  4- 1] 
[(S)'  +  (hr  + 1]  [(!,)'  + 1] 


;io-9) 


(10-10) 


Similar  expressions  can  be  easily  derived  for  cases  in  which  the  inhibitions 
are  partially  competitive,  partially  noncompetitive,  mixed,  uncompetitive, 
or  of  other  types. 

It  would  be  expected  that  the  inhibition  observed  with  two  inhibitors 
would  not  be  the  sum  of  the  individual  inhibitions  when  the  inhibitors  are 
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used  separately  and  the  equations  above  provide  an  estimate  of  the 
deviations  to  be  expected.  Thus  when  both  inhiliitors  are  noncompetitive 
and  bind  at  the  same  site,  the  sum  of  t'j  =  (Ii)7[(Ii)'  +  1]  and  i^  =  (12)'/ 
[(I2)'  +  1]  which  may  be  written  as: 

.^.  (I,)'  +  (I2)'  +  2(I,)'(I,)'  ,,„,,, 

''^''=    1  +  (I.)'  +  (I.)'  +  (I,)U)'  ^''-''^ 

would  always  be  greater  than  ?'i  2  as  given  by  Eq.  10-6.  So  that  if  {l^}'  —  1 
and  (I2)'  =  0.4,  the  sum  of  the  individual  inhibitions  would  be  i^  -{-  {2  = 
0.786  while  the  inhibition  produced  by  the  two  acting  together  would  be 
I'l  2  =  0.583. 

Graphical  Analysis  of  Multiple  Inhibition 

The  determination  of  inhibition  constants  by  the  plotting  methods  out- 
lined in  Chapter  5  presents  no  proljlem  when  two  or  more  known  inhibitors 
are  used  since  measurements  with  single  inhibitors  can  be  made.  However, 
in  the  presence  of  an  unrecognized  inhibitor,  such  as  an  added  ion  or  buf- 
fer, or  an  impurity  in  the  enzyme  preparation,  the  calculated  K,  may  not 
be  the  true  dissociation  constant  of  the  tested  inhibitor.  For  example,  the 
1/v,  —  1/(S)  plot  for  two  competitive  iidiibitors  will  give  a  straight  line 
with  a  slope  of 

K.  r,  ,  (i>)  ,  (I. 

A ,  A , 

1 

and  if  the  presence  of  Ig  is  not  suspected,  the  calculation  of  K,  will  be  in 
error  by  an  amount  depending  on  the  magnitude  of  (I2)|K^  .  Determination 
of  the  type  of  inhibition  will  not  be  disturbed  by  a  second  inhibitor 
as  long  as  this  inhibitor  remains  at  a  constant  concentration,  except 
for  the  special  case  where  the  two  inhibitors  react  with  one  another 
(see  below). 

Types  of  Interaction    between    Inhibitors 

In  the  treatment  above  it  was  assumed  that  I^  and  L,  either  completely 
interfere  with  each  other's  binding  (as  when  both  react  with  the  same  active 
site  on  the  enzyme  and  El^Ia  is  impossible)  or  are  bound  independently  (as 
when  they  react  with  sites  sufficiently  far  apart  to  preclude  significant 
intermolecular  forces).  However,  intermediate  situations  can  occur,  the 
binding  of  the  second  inhibitor  molecule  to  the  enzyme  being  either  reduced 
(negative  interaction)  or  facilitated  (positive  interaction)  by  the  presence 
of  the  other  inhibitor  molecule.  Several  mechanisms  may  be  visualized  to 
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explain  such  interactions.   Simple  electrostatic  forces  must  be   involved 
where  the  inhibitors  are  charged  as  in  the  following  examples: 


Ri 

/Rili" 

R, 

+ 

It 

^ 

E 

'^R. 

Riir 

RJt 

R. 

+ 

n 

^ 

E 

/ 
\rj: 

.Rxir 

R. 

+ 

i^ 

^ 

E 

^Riir 

Negative  interaction: 
(cX)  >  «  >  1) 

Positive  interaction: 
(a  <  1) 

Furthermore,  if  Rg  is  an  acidic  or  basic  group,  the  binding  of  a  charged  in- 
hibitor molecule  on  7?^  could  alter  the  p/ii^  of  R2  and  hence  the  fraction  of 
these  groups  that  is  dissociated.  Steric  factors  could  also  operate,  especi- 
ally when  the  first  molecule  bound  extends  spatially  in  such  a  way  as  to 
interfere  with  the  attachment  of  the  second  inhibitor,  but  positive  inter- 
action could  conceivably  result  if  a  greater  area  of  interaction  were  pro- 
vided for  dipolar  and  dispersion  forces.  One  must  also  consider  the  possi- 
bility of  inductive  effects  through  the  protein  structure  or  an  actual  change 
in  the  configuration  of  the  local  protein  structure.  Finally,  the  direct  reac- 
tion of  the  unbound  inhibitors  with  one  another  —  I^  +  I2  :;:^  I1I2  —  can 
complicate  the  kinetics  considerably,  particularly  when  the  inhibitor  com- 
plex Ijlg  is  also  an  inhibitor.  Indeed,  when  \yy<i  is  a  more  potent  inhibitor 
than  either  I^  or  Ig,  the  inhibition  in  the  presence  of  both  inhibitors  may  be 
greater  than  predicted  on  the  basis  of  their  individual  actions. 
When  the  inhibitors  react  with   one  another: 

I,  +1,  — IJ,  K,  (10-12) 

the  concentration  of  Ijl,  may  be  calculated  from  the  quadratic  equation: 

(IJ,)^  -  (IJ,)[(I:),  +  (I,),  +  K,\  4-  {\,)A^^)t  =  0  (10-13) 

and  from  this  the  concentrations  of  the  uncomplexecl  inhibitors  may  be  ob- 
tained. If  Ij,  I2,  and  Ijlg  are  all  inhibitory,  and  each  inhibits  noncompeti- 
tively,  the  total  inhibition  is  given  by: 

(I.)'  +  (I.)'  +  (IJ.)'  (^^^^^ 


1  +  (I,)'  +  (I,)'  -f  (IJ,)' 


If  Ijlg  were  not  formed,  the  iniiibition  would  be  given  by  Eq.  10-6;  the 
concentrations  of  Ij  and  Ig  would  be  in  this  case  the  total  concentrations. 
Whether  the  multiple  inhibition  will  be  greater  or  less  than  in  the  situation 
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in  which  I^Ia  is  not  formed  will  depend  on  the  relative  inhibitory  potency 
of  Ijl.,  compared  to  the  uncomplexed  inhibitors,  and  the  amount  of  the 
change  in  inhil)ition  will  depend  primarily  on  K^.  Thus  the  reaction  between 
two  inhibitors  can  result  in  either  antagonism  or  potentiation  of  the  inhi- 
bition. If  one  of  the  inhibitors  is  a  substance  present  in  the  enzyme  test 
medium,  its  presence  will  distort  the  response  to  the  added  inhibitor  and 
produce   nonlinearity   in   the   usual   plotting   procedures. 

Example  of  Positive  Interaction:  Inhibition  of  Succinic  Oxidase  by  Fluoride 

and   Phosphate 

A  very  interesting  instance  of  an  unexpectedly  potent  effect  produced 
by  a  combination  of  two  inhibitors  was  reported  by  Slater  and  Bonner 
(1952).  Both  phosphate  and  fluoride  were  found  to  be  rather  weak  compet- 
itive inhibitors  of  cardiac  succinic  dehydrogenase  but  in  the  presence  of 
the  two  ions  the  enzyme  was  depressed  much  more  than  would  be  predicted 
by  the  individual  inhibitions.  The  kinetics  here  are  different  than  those 
expressed  in  Eqs.  10-3  and  10-4  for  competitive  inhibition  because  both 
inhibitors  can  be  bound  to  the  enzyme  simultaneously  and  a  no  longer  is 
infinity.  We  must  now  write: 

'"'  ^      (S)'  +  1  +  (P)'  +  (F)'  +  [(P)'(F)7a] 

where  (S)',  (P)',  and  (F)'  are  the  specific  concentrations  of  succinate,  phos- 
phate, and  fluoride  respectively.  Instead  of  determining  the  total  inhibition 
produced  by  phosphate  and  fluoride  acting  together,  let  us  rather  consider 
the  inhibition  by  fluoride  in  various  concentrations  of  phosphate.  This  will 
be  expressed  by  if  and  is  given  by: 


(F)' 

a 

- 

(S)'  +  1  +  (P 

)'  +  (F)' 

1 

+  'f>'  1 

a 

(10-16) 


The  constants  determined  liy  Slater  and  Bonner  are:  K,,^  =  0.48  mM 
(it  has  been  shown  for  succinic  dehydrogenase  that  K^,^  is  not  the  substrate 
dissociation  constant),  K^  =  100  mM  and  Kf  =  20  mM.  They  also  found 
that  when  phosphate  is  bound  to  the  enzyme,  the  dissociation  constant 
for  fluoride  is  reduced  from  20  mM  to  0.067  mM,  so  that  a  =  0.00335, 
indicating  a  remarkable  and  unexplained  positive  interaction  between  the 
inhibitors.  When  these  constants  are  substituted  into  Eq.  10-16  the  in- 
hibition curves  for  fluoride  shown  in  Fig.  10-1  are  obtained.  The  marked 
potentiation  is  evident:  in  the  absence  of  phosphate,  10  mM  fluoride  in- 
hibits 2.2%  whereas  when  the  phosphate  is  50  mM  (which  in  itself  would 
produce  only  2.2%  inhibition),  the  inhibition  by  fluoride  would  be  77%. 
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Such  potentiation  of  fluoride  inhibition  by  phosphate  must  be  of  signifi- 
cance in  the  intracellular  inhibition  of  succinic  dehydrogenase  by  flouride, 
where  the  phosphate  concentration  is  unknown  and  may  vary  under  dif- 
ferent conditions. 


lOOOmM 


(FLUORIDE) 


Fig.  10-1.  Inhibition  of  succinic  dehydrogenase  by  fluoride  at  various  concentrations  of 
phosphate.  The  curves  are  plotted  from  Eq.  10-16  using  the  constants  given  by  Slater 
and  Bonner  (1952):  K^  =  0.48  mM,  K^  =  100  mM,  K,  =  20  mil/,  A%/  =  0.067 
mM,  (S)  =  10  mM,  and  a  =  0.00335.  Curve  1:  (P)  =  200  mM;  curve  2:  (P)  =  100 
mM;  curve  3:  (P)  =  50  mM;  curve  4:  (P)  =  10  mM;  curve  5:  (P)  =  0  mM. 


Other  Examples  of  Multiple  Inhibition 

The  reversible  cholinesterase  inhibitors,  physostigmine  and  neostigmine, 
can  protect  the  enzyme  against  the  organophosphorus  compounds  (Koelle, 
1946),  both  in  vitro  and  in  vivo  (Koster,  1946).  Butyrylcholine  is  also  a  re- 
versible competitive  inhibitor  of  cholinesterase  and  the  quantitative  as- 
pects of  its  effects  on  inhibition  by  diisopropylfluorophosphate  were  stud- 
ied by  Cohen  et  al.  (1951).  In  one  experiment  in  which  the  enzyme  in  the 
presence  of  butyrylcholine  was  incubated  for  10-20  min  with  diisopropyl- 
fluorophosphate, the  protection  provided  by  the  former  compound  rose 
with  its  concentration  (see  tabulation).  In  other  experiments,  the  protection 


Butyrylchohne 
{mM) 

%  Protection 

50 

38 

100 

49 

150 

66 

200 

82.5 
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was  occasionally  complete.  Curves  showing  the  inhibitions  produced  by 
different  concentrations  of  diisopropylfluorophosphate  in  the  presence  of 
butyrylcholine  are  given  in  Fig.  10-2.  The  lower  the  concentration  of  di- 
isopropylfluorophosphate, the  greater  the  protection,  as  would  be  expected. 


LOG  (DFPJ 


Fig.  10-2.  Inhibition  of  acetylcholinesterase  by  diisopropylfluorophosphate  in 
the  presence  of  various  concentrations  of  butyrylcholine  (BuCh).  (From  Cohen 
et  al,  1951.)  Curve  1:  (BuCh)  =  0  ml/;  curve  2:  (BuCh)  =  0.6  mM;  curve  3: 
(BuCh)  =  1  m3I;  curve  4:  (BuCh)  =  1.25  mM;  curve  5:  (BuCh)  =  2.5  mM; 
curve  6:  (BuCh)  =  5  mM;  curve  7:  (BuCh)  >  12.5  mM. 


Once  inhibition  by  the  organophosphorus  compound  has  occurred,  addition 
of  butyrylcholine  will  not  reverse  the  inhibition.  In  such  cases,  the  order  of 
the  addition  of  the  inhibitors  is  very  important.  The  explanation  for  the 
protection  is  simple  and  the  mechanism  is  much  like  that  involved  in  pro- 
tection by  the  substrate:  the  reversible  inhibitor  complexes  with  the  ac- 
tive site  and  prevents  the  organophosphorus  compound  from  reaching  the 
site  on  a  certain  fraction  of  the  enzyme  molecides,  so  that  following  dialysis 
the  butyrylcholine  will  diffuse  away  from  the  fraction  of  sites  it  has  ])ro- 
tected.  In  a  similar  way,  malonate  protects  succinic  dehydrogenase  against 
iodoacetate,  heavy  metals,  and  arsenite  (Potter  and  DuBois,  1943;  Barron 
and  Singer;   1945;  Ackermann  and  Potter,   1949). 
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The  inhibitions  produced  on  human  serum  and  erythrocyte  cholinester- 
ases  by  combinations  of  neostigmine  and  various  tetraalkylammonium  salts 
are  very  interesting  because  they  illustrate  two  different  types  of  interaction 
(Foldes  et  al,  1960).  The  results  are  shown  in  Table  10-1  and  Fig.  10-3. 
Marked  antagonism  was  demonstrated  with  the  plasma  enzyme,  which  was 
interpreted  as  a  blocking  off  of  the  anionic  site  from  neostigmine  by  the 
tetraalkylammonium  ions.   The  lack  of  antagonism  for  the  erythrocyte 

Table  10-1 
Multiple  Tnhibitiox  of  Human  Cholixesterases  " 


%  Inhibition 

Inhibitor.s 

TMA 

TEA 

TPA 

TBA 

(50  mM) 

(30  mM) 

(3  mM) 

(1   mM) 

Plasma  cholinesterase 

Tetraalkylam  m  on  i  n  n  i 

24.5 

27.0 

38.5 

44.0 

Xeostigmine 

78.5 

78.5 

78.5 

78.5 

Both  inhibitors 

36.0 

31.0 

47.5 

36.0 

Erythrocyte  cholinesterase 

Tetraalkylammonium 

38.0 

62.0 

.56.0 

65.0 

Neostigmine 

69.0 

69.0 

69.0 

69.0 

Both  inhibitors 

86.0 

84.0 

93.0 

95.0 

"  TMA,  TEA,  TPA,  and  TBA  represent  the  tetramethyl.  -ethyl,  -propyl,  and  -butyl 
ammonium  ions.  Xeostigmine  was  0.1  n\M  for  the  plasma  cholinesterase  and  0.2  mM 
for   the   erythrocyte   cliolinesterase.    From    Foldes   et  al.    (1960). 

enzyme  may  be  related  to  the  greater  negative  charge  on  the  anionic  site 
compared  to  the  plasma  enzyme,  but  it  could  also  be  explained  by  differ- 
ent spatial  relations  between  the  anionic  and  esteratic  sites  in  the  two  en- 
zymes. The  reaction  of  acetylcholine  with  the  plasma  enzyme  anionic  site 
must  be  interfered  with  less  by  the  tetraalkylammonium  ions  than  is  the 
case   with  the   erythrocyte   enzyme. 


Expression  of  Multiple  Inhibition   by  Isobols 

Isobols  are  curves  showing  equieffective  combinations  of  active  substan- 
ces plotted  on  graphs  whose  coordinates  are  the  concentrations  of  the  sub- 
stances (see  Chapter  5).  Such  curves  have  been  used  to  demonstrate  the 
nature  of  the  interactions  of  drug  pairs  on  tissues  (Loewe.  1957)  but  can 
also  be  applied  to  enzyme  inhibition.  Let  us  first  determine   the   curves 
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to  be  predicted  for  the  various  types  of  inhibition  discussed  above.  The 
following  relationships  between  (Ij)'  and  (Ig)'  may  be  derived  from  Eq. 
10-2   and  i  =  I  —  vjv. 


1,0 

_   1 

1 

1         _ 

0.8 

-      \^ 

NEOSTIGMINE 

- 

0.6 

- 

- 

NEOSTIGMINE  +    TPA 

0  4 

0  2 
n 

1 

1 

1 

-6  -7 

LOG    CONC       NEOSTIGMINE    fM)- 


-8 


Fig.    10-3.    Inhibition   of  human   plasma   cholinesterase   by   neostigmine 

alone  and  in  the  presence  of  3.3  mM  tetrapropylammonium  ion  (TPA). 

(From  Foldes  et  al.,  1960.) 


Both  inhibitors  competitive: 

(^/l  -  i)[(S)'  +  1]  -  (I,)' 


dJ'   = 


1     +     [(l2)7«] 

Both  inhibitors  noncompetitive: 

^     (^/l  -  ^)  -  (I3)' 

^  '^  1  +  [(i.)7«] 

Ij  competitive  and  L  noncompetitive: 

[(S)'  +  l][(i/l   -i)  -(I.)'] 


(I.)' 


1  +  [(i.)7«] 


(10-17) 


(10-18) 


(10-19) 
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These  equations  are  plotted  for  different  values  of  a  in  Fio.  10-4.  The 
general  shapes  of  the  curves  are  seen  to  be  independent  of  the  type  of  inhi- 
bition  involved;   e.g..   when  the   inhiliitors  prevent   each   other's  Innding 


Fig.  10-4.  Isobologram  for  two  inhibitors  acting  on  a  single  en- 
zyme (see  Eqs.  10-17  to  10-19).  K^  =  3  mM,  A',^  =  0.5  mM, 
Ki  =  2  mM,  (S)  =  5  mM,  and  i  =  0.5.  Both  competitive:  curve 
1,  a  —  00;  cm've  2,  a  =  1;  curve  3,  a  =  0.3.  Both  noncompe- 
titive: curve  4,  or  =  oo;  curve  5,  a  =  1;  curve  6,  «  =  0.3.  Ii 
competitive  and  I,  noncompetitive:  curve  7,  a  =  cO;  curve  8, 
a  =  1;   curve  9,  c<  =  0.3. 


{a  =  go),  the  isobols  are  linear  (curves  1,  4.  and  7)  in  all  cases.  As  the  in- 
hibitors interfere  less  and  less  with  each  other  (cc  decreasing),  the  curves 
become  progressively  more  concave  upwards. 
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What  information  may  be  obtained  from  the  plotting  of  isobols?  If  the 
isobol  is  Hnear,  complete  binding  interference  between  the  two  inhibitors 
is  indicated,  and  the  degree  of  deviation  from  linearity  would  be  a  measure 
of  the  effect  of  each  inhibitor  on  the  binding  of  the  other.  It  is  indeed  pos- 
sible to  calculate  a,  if  the  inhibition  types  for  the  individual  inhibitors  are 
known,  by  the  following  equation: 

(Il)'(l2)' 

(10-20) 


X  -  y{\,)'  -  (1,)' 


where  for  50%  inhibition  x  =  (S)'  +  1  and  ?/  =  1  when  both  inhibitors  are 
competitive,  x  —  y  =  1  when  both  inhibitors  are  noncompetitive,  and 
X  —  y  —  (S)'  -^  1  when  one  inhibitor  is  competitive  and  the  other  is  non- 
competitive. This  method  could  be  of  value  in  determining  the  relative  po- 
sition of  binding  of  inhibitors  on  an  enzyme  surface  but  depends  upon  an 
accurate  evaluation  of  iiT,,,,  K^  ,  and  K^  .  Actually,  little  information  may 
be  obtained  directly  from  these  curves  but  they  are  one  of  the  most  concise 
and  intelligible  ways  of  representing  the  relations  between  two  inhibitors 
in  both  isolated  enzyme  systems  and  cellular  preparations.  Their  relation 
to  antagonism  and  potentiation  will  be  discussed  later  (page  508). 

TWO    INHIBITORS    ACTING    ON    A    MONOLINEAR    CHAIN 

More  interesting  patterns  of  inhibition  are  produced  when  two  enzymes 
in  a  multienzyme  system  are  attacked  simultaneously  and  this  situation 
is  commonly  encountered  when  two  inhibitors  are  used  in  mitochondrial, 
cellular,  or  whole  animal  preparations.  In  this  section  the  simple  monolin- 
ear  enzyme  chain  will  be  discussed  in  some  detail  as  an  example  of  this 
type  of  inhibition  and  in  the  following  section  some  of  the  other  multien- 
zyme systems  will  be  treated  qualitatively.  One  of  the  earliest  demonstra- 
tions of  multiple  monolinear  inhil)ition  is  that  described  by  Beerstecher 
and  Shive  (1947),  who  showed  that  tyrosine  depressed  the  synthesis  and 
/?-hydroxyphenylalanine  depressed  the  utilization  of  phenylalanine  in  E. 
coli.  A  marked  potentiation  of  the  inhibition  was  observed  when  the  two 
inhibitors  were  used  simultaneously;  thus  the  same  degree  of  growth  in- 
hibition was  produced  by  0.016  mil/  tyrosine  alone,  by  1.6  niM  /5-hydroxy- 
phenylalanine  alone,  and  by  0.005  niM  tyrosine  and  0.05  mM  /5-hydroxy- 
phenylalanine  together.  They  postulated  that  the  potentiation  was  due 
to  the  fact  that  the  /5-hydroxyx)henylalanine  inhibition  was  competitive 
and  the  reduction  of  the  phenylalanine  synthesis  by  tyrosine  made  this 
competitive  inhibition  much  more  effective.  Potter  (1951)  applied  the  term 
"sequential  inhibition"  to  this  phenomenon  and  illustrated  it  by  the  si- 
multaneous actions  of  malonate  and  fluoroacetate  on  the  tricarboxylic  acid 
cycle.  The  possible  utilization  of  sequential  inhibition  in  tumor  chemother- 
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apy   was   suggested   by  Potter  and  extended  by  Skipper  and  associates 
(1954).  No  treatment  of  the  kinetics  of  such  situations  has  been  made. 
Let  us  consider  inhibition  to  be  exerted  on  each  enzyme  of  the  simplest 
monolinear  enzyme  chain: 

E,        E, 

A-^B->C  (lU-21) 

A  single  inhibitor  acting  on  E^  alone  will  depress  the  steady-state  rate  of 
formation  of  C  to  the  same  degree  as  it  inhibits  reaction  1,  while  a  single 
inhibitor  acting  on  E2  alone  will  not  depress  the  formation  of  C  unless  the 
system  is  removed  from  a  steady  state,  in  which  case  d{C)ldt  will  be  equal 
to  the  rate  of  reaction  2  (see  page  323).  For  convenience  we  shall  assume 
that  Ii  acts  specifically  on  E^  and  L,  on  E2.  If  (IJ  is  such  that  reaction  1 
is  inhibited  50%,  d{C)idt  is  also  inhibited  50%;  when  I2  is  added,  no  further 
inhibition  of  d(C)jdt  will  occur  unless  the  steady  state  is  lost,  in  which  case 
the  over-all  inhibition  would  be  no  different  from  that  in  the  presence  of 
I2  alone.  Thus  in  this  simple  system  no  greater  inhibition  is  achieved  by  a 
combination  of  the  two  inhibitors.  However,  the  transition  time  between 
steady  states  may  be  different  if  reaction  1  is  inhibited  simultaneously  with 
reaction  2.  Even  if  Ij  is  competitive.  I^  wiU  produce  the  same  inhibition 
with  I2  as  it  will  alone  as  long  as  the  steady  state  is  maintained.  However, 
when  the  physical  state  of  the  system  prevents  sufficient  rise  in  (B)  to 
compensate  for  the  inhibition  of  reaction  2  (as  when  B  diffuses  out  of  a 
compartment),  addition  of  I^  may  decrease  (B)  and  furtiier  inhibition  can 
occur. 

If  reaction  1  is  reversible,  inhibition  of  d{C):dt  will  be  produced  with 
both  Ij  and  I2  alone  and  a  combination  of  the  two  inhil)itors  will  inhibit 
more  strongly  than  a  single  inhibitor  although  less  than  the  sum  of  the 
individual  inhibitions.  This  is  due  to  the  effect  of  (B)  on  the  reverse  reaction 
(page  338).  In  chains  of  more  than  two  enzymes,  the  same  principles  would 
be  demonstrated.  Thus  in  the  sequence: 

1^1  ^2  -^3  ^4  5 

A->  B^  C^D->F^  G  (10-22) 

d(G)ldt  will  depend  on  the  rate  of  reaction  1  if  the  system  is  in  a  steady 
state  and  on  the  slowest  reaction  if  it  is  not.  Inhibition  of  E4  to  the  point 
where  d{G);dt  is  reduced  makes  reaction  4  the  limiting  reaction;  inhibition 
then  on  another  enzyme  would  affect  diG)ldt  only  when  the  reaction  cata- 
lyzed by  that  enzyme  approaches  the  limiting  rate,  and  in  this  case  the 
over-all  inhibition  would  be  the  same  whether  the  inhibitor  acting  on  E4 
were  present  or  not.  Thus  multiple  inhibition  in  simple  monolinear  chains 
would  seem  generally  to  be  incapable  of  producing  an  effect  much  greater 
than  a  single  inhibitor  and  a  marked  potentiation  of  inhibition  would  be 
out  of  the  question. 
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Nevertheless,  one  factor  must  be  borne  in  mind  and  that  is  that  many 
multienzyme  systems  in  the  cell  are  prboably  not  in  a  steady  state,  or  that 
at  least  periods  occur  when  a  steady  state  does  not  exist.  In  such  nonsteady 
states  the  above  reasoning  may  not  accurately  apply.  Also  the  introduction 
of  two  inhibitors  may  produce  an  interval  of  more  severe  depression  before 
a  new  steady  state  can  be  reached.  The  complex  effects  observed  upon  tis- 
sue function  or  growth  may  be  the  result  of  actions  during  a  nonsteady 
state  period.  Cellular  metabolic  pathways  rarely  are  completely  closed  sys- 
tems so  that  concentrations  of  intermediates  may  be  determined  by  factors 
other  than  the  relative  rates  of  the  enzyme  reactions.  The  operation  of  an 
isolated  monolinear  chain  in  the  cell  is  lorobably  very  uncommon,  inasmuch 
as  most  intermediates  can  be  formed  or  metabolized  by  reactions  not 
in  the  chain. 

In  view  of  the  conclusions  of  this  section,  it  is  perhaps  necessary  to  at- 
tempt an  explanation  for  the  previously  mentioned  potentiation  observed 
in  the  assumed  simple  sequential  inhiljition  of  E.  coli  growth  by  tyrosine 
and  /?-hydroxyphenylalanine  (Beerstecher  and  Shive,  1947).  Actually,  a 
metabolic  response  was  not  measured  here  but  only  the  final  result  on  the 
complex  process  of  growth.  In  other  words,  activity  in  a  metabolic  mono- 
linear  chain  was  not  determined  but  only  the  end  result  of  disturbances  in 
such  a  chain.  The  growth  rate  may  depend  very  critically  on  the  utilization 
rate  of  phenylalanine,  so  that  up  to  a  certain  degree,  inhibition  could  be 
exerted  without  a  significant  effect  on  the  growth,  but  a  marked  depression 
could  result  from  a  rather  small  further  increment  in  the  metabolic  inhi- 
bition. Or  in  this  particular  case,  the  major  factor  could  be  the  amount  of 
abnormal  /?-hydroxyphenylalanine  that  is  utilized.  Depression  of  the  syn- 
thesis of  phenylalanine  may  augment  the  competitive  action  of  /?-hydroxy- 
phenylalanine  but  the  growth  response  need  not  be  a  quantitative  measure 
of  the  depression  of  phenylalanine  utilization. 

TWO    INHIBITORS   ACTING    ON    VARIOUS    MULTIENZYME 

SYSTEMS 

Opportunities  for  potent  metabolic  depression  with  two  inhibitors  often 
occur  when  the  metabolism  involves  two  pathways.  Convergent  chains 
(Eq.  7-22)  offer  simple  examples  of  this.  Inhibition  of  either  of  the  converg- 
ing limbs  (El  or  Eg)  will  depress  d{C)ldt  less  than  the  individual  enzymes 
and  never  completely.  The  inhibitions  of  the  formation  of  C  are  given  by: 

Inhibition  of  E^  only:  i,^      =  ii/(l  +  r)  (10-23) 

Inhibition  of  E,  only:  /,^      =  rislil  +  r)  (10-24) 

Inhibition  of  E^  and  E3:  it^  ^   =  ih  +  rh)l{l  +  r)  (10-25) 

where  r  is  the  ratio  between  v^  and  ^'j,  ?',  and  i^  are  the  inhibitions  on  Ej 
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and  E3  respectively,  and  if  is  the  inhibition  of  C  formation.  It  is  interesting 

that  this  is  one  of  the  few  situations  where   the    individual   inhibitions 

are  additive,  i.e.,  i,   +  i,   =  i,    .  The  inhibition  of  two  or  more  pathwavs 
1  3  1,3 

leading  to  a  final  product  has  been  termed  "concurrent  blocking"  (Skipper 
et  al.,  1954).  This  procedure  does  frequently  offer  a  means  of  inhibiting  the 
over-all  reaction  more  potently  than  with  either  inhibitor  alone,  especially 
when  it  is  not  possible  for  some  reason  to  increase  the  concentration  of  a 
single  inhibitor  sufficiently  to  produce  the  required  degree  of  block. 

Multiple  inhibition  of  divergent  chains  (Eq.  7-25)  presents  no  special 
problems  that  have  not  already  been  discussed,  except  for  the  possibility 
that  a  second  inhibitor  acting  on  Eg  might  antagonize  the  depression  of  C 
formation  produced  by  an  inhibitor  acting  on  E2  by  diverting  more  of  B 
to  C.  The  response  of  a  polylinear  system  (Eq.  7-30)  to  multiple  inhibition 
will  follow  the  same  rules  as  for  convergent  chains  and  it  is  in  such  systems 
that  the  use  of  a  second  inhibitor  will  often  depress  a  resistant  phase  of 
metabolism.  The  effects  of  two  inhibitors  on  a  .steady-state  cyclic  system 
(Eq.  7-35)  are  complex  but  the  behavior  can  be  treated  in  general  terms. 
The  conservation  of  intermediates  prevents  marked  changes  in  their  in- 
dividual concentrations  and  thus  a  cycle  is  usually  more  inhibitable  than  a 
monolinear  chain.  AVhen  E^  is  inhibited,  the  rise  in  (A)  allows  the  inhi- 
bition to  be  partially  antagonized;  if  E3  is  inhibited  in  addition,  this  tends 
to  prevent  the  rise  in  (A)  and  the  over-all  inhibition  is  augemented.  How- 
ever, two  inhibitors  will  not  depress  the  formation  of  product  additively 
in  most  cases  and  potentiation  will  not  be  observed.  Another  situation  is 
that  where  a  measured  jiroduct  is  produced  at  each  step  of  the  cycle  (or 
at  certain  steps,  as  COg  is  produced  in  the  tricarboxylic  acid  cycle).  The 
reduction  in  the  rate  of  formation  of  this  product  will  depend  on  the  site 
of  inhibition  in  the  cycle;  the  additional  inhibition  produced  by  a  second 
inhibitor  will  also  depend  on  where  it  acts  relative  to  the  first  inhibitor. 
Finally,  in  cycles  where  the  sum  of  the  concentrations  of  intermediates  is 
not  necessarily  constant,  of  which  the  tricarboxylic  acid  cycle  is  an  exam- 
ple, inhibition  may  lead  to  a  disappearance  of  intermediates  (especially 
if  these  intermediates  participate  in  other  extracyclic  reactions)  with  sub- 
sequent reduction  in  the  incorporation  of  substrate,  leading  to  a  progres- 
sive deterioration.  In  such  cases,  two  inhibitors  might  have  a  final  effect 
out  of  all  proportion  to  their  individual  inhibitions. 

Simple  regenerative  systems  (Eq.  7-39)  would  not  be  very  sensitive  to 
two  inhibitors.  As  has  been  pointed  out,  such  a  system  is  potently  inhi- 
bited only  when  the  action  is  on  that  reaction  which  is  potentially  the 
slowest  and  thus  further  inhibition  on  the  other  reaction  would  not  be  pre- 
dicted to  increase  the  inhibition  to  a  great  extent.  If  the  reactions  are  ini- 
tially of  comparable  potential  rates,  inhibition  of  one  will  progressively 
make  the  other  reaction  less  .sensitive  to  inhibition. 
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TWO  INHIBITORS  ACTING  ON  CELLULAR  AND  TISSUE 

METABOLISM 

There  are  many  possible  ways  in  whicli  the  actions  of  two  inhibitors  may 
be  related  when  the  system  acted  upon  is  as  complex  as  the  cell.  The  pur- 
pose of  the  present  section  is  to  outline  some  of  these  interrelationships. 
It  is  evident  that  the  previously  discussed  simultaneous  actions  on  enzymes 
or  multienzyme  systems  may  occur  within  cells  but  we  shall  now  be 
concerned  with  situations  usually  observed  only  in  living  organisms. 

Effect  of  One  Inhibitor  on  the  Metabolism  or  Distribution  of  Another 

Inhibitor 

The  products  from  the  metabolic  alteration  of  inhibitors  may  be  either 
active  or  inactive.  The  depression  of  this  transformation  by  a  second  inhi- 
bitor could  result  in  a  reduction  of  inhibition  if  an  active  inhibitor  is  being 
formed  (lethal  synthesis)  or  an  accentuation  or  prolongation  of  the  inhi- 
bition if  the  original  inhibitor  is  being  inactivated.  Not  many  of  the  com- 
mon enzyme  inhibitors  are  rapidly  metabolized  and  their  rate  of  disappear- 
ance is  seldom  a  factor  in  determining  the  degree  of  their  action  in  isolated 
cell  or  tissue  preparations.  However,  in  the  intact  animal  the  eventual  fate 
of  the  inhibitor  often  depends  upon  some  enzymic  degradation.  Not  many 
instances  of  lethal  synthesis  have  been  demonstrated  as  yet  but  the  prin- 
ciple can  be  easily  illustrated.  When  fluoroacetate  is  administered,  there  is 
an  accumulation  of  citrate  in  the  tissues  due  to  the  block  produced  on  acon- 
itase  by  the  fluorocitrate  formed  from  the  fluoroacetate.  Potter  (1951) 
showed  that  malonate  could  reduce  the  amount  of  citrate  formed  in  the 
presence  of  fluoroacetate,  presumably  by  reducing  the  amount  of  oxal- 
acetate  available  for  condensation  with  the  fluoroacetate  through  an  inhi- 
bition on  the  succinic  dehydrogenase.  Thus  if  citrate  accumulation  were 
being  used  as  a  criterion  for  fluoroacetate  inhibition,  malonate  would  antag- 
onize this  by  depressing  the  metabolism  of  the  fluoroacetate.  It  is  interest- 
ing that  in  the  heart  this  antagonism  was  not  observed,  indicating  another 
pathway  for  the  formation  of  oxalacetate,  an  example  of  the  metabolic 
information  that  may  be  obtained  with  the  use  of  two  inhibitors.  The  re- 
sults in  thymus  tissue  are  shown  in  Fig.  10-5.  The  final  result  in  a  partic- 
ular case  depends  usually  on  the  times  of  addition  of  the  inhibitors  rel- 
ative to  each  other,  their  rates  of  action,  and  what  is  being  measured.  For 
example,  if  malonate  was  given  before  the  fluoroacetate,  a  block  in  citrate 
formation  occurred  for  a  couple  of  hours  but  if  the  two  inhibitors  were  giv- 
en together,  some  citrate  accumulated  before  the  malonate  had  an  oppor- 
tunity to  exert  its  full  effect.  It  might  be  expected  that  arsenite  would 
also  antagonize  the  citrate  accumulation  by  blocking  the  entry  of  fluoro- 
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acetate  into   the  cycle;   yet  if  oxygen   uptake  were  being  measured,   no 
antagonism  would  be  observed. 

Renal  excretion  of  an  inhibitor  makes  it  possible  for  a  second  inhibitor 
to  alter  the  rate  of  disappearance  from  the  organism.  If  the  inhibitor  is 
either  actively  secreted  or  resorbed  by  the  tubular  cells,  block  of  these 
transport  mechanisms  would  prolong  or  reduce  the  stay  of  the  inhibitor 
in  the  body.  If  the  inhibitor  is  passively  resorbed  with  the  tubular  fluid, 
a  second  inhibitor,  such  as  a  mercurial,  would  increase  the  excretion  rate 
somewhat. 


I  5 


CITRATE 
(rr.g  /gram] 


Fluoroace'tate 


Fluoroacetate     after    malonate 


riMECHours)     ' 


Fig.  10.5.  Accumulation  of  citrate  in  the  thymus  follo- 
wing administration  of  fluoroacetate  alone  and   fluoro- 
acetate after  malonate.   (From  Potter  et  al.,  1954). 


It  is  well  known  that  many  inhibitors  can  change  the  permeability  prop- 
erties of  cells,  presumably  by  modifying  the  metabolism  upon  which  the 
structure  and  function  of  the  membrane  depend.  It  is  thus  likely  that  the 
ability  of  an  inhibitor  to  penetrate  into  cells  or  tissues  can  be  changed  in 
the  presence  of  another  inhibitor.  An  increase  in  the  permeability  would 
particularly  aifect  the  response  to  those  inhibitors  which  normally  expe- 
rience some  difficulty  in  entering  cells.  The  pattern  of  distribution  of  an 
inhibitor  in  the  various  tissues  of  an  animal  could  well  be  altered  by  the 
prior  administration  of  another  inhibitor. 
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One  Inhibitor  Alters  the  Metabolism  so  That  the  Response  to  a  Second 
Inhibitor    Is    Changed 

The  two  inliibitors  sometimes  act  on  metabolic  pathways  that  are  not 
directly  related  but  because  of  the  complex  interrelationships  within  the 
living  cell  their  actions  will  not  be  independent.  A  change  of  intracellular 
pH  brought  about  by  an  inhibitor  may  modify  the  effect  of  another  inhi- 
bitor, and  such  i^H  changes  are  by  no  means  uncommon.  Likewise,  any 
metabolically  dependent  components  of  the  cell,  such  as  substrates  or  in- 
termediates, can  rise  or  fall  in  response  to  inhibition,  thus  altering  the 
conditions  upon  which  the  other  inhibitor  must  act.  It  has  been  shown  in 
lymph  node  cells  that  iodoacetate  blocks  glucose  metabolism  and  as  a  con- 
sequence the  intracellular  glucose  concentration  rises  to  approximately 
that  in  the  medium,  whereas  2,4:-dinitrophenol  accelerates  glucose  utiliza- 
tion and  causes  a  fall  in  the  glucose  concentration  (Helmreich  and  Eisen, 
1958).  A  second  inhibitor  acting  on  some  phase  of  carbohydrate  metabolism 
might  well  have  its  effect  modified  by  these  fluctuations  in  glucose  level. 
Intracellular  substrate  concentration  changes  can  also  be  produced  by  the 
inhibition  of  active  transport  of  substrate;  depression  of  amino  acid  uptake 
in  nerve  cells  or  certain  bacteria  would  create  disturbances  in  metabolism 
that  could  increase  or  decrease  the  sensitivity  to  a  second  inhibitor.  Such 
relationships  may  be  thought  of  as  sequential  inhibitions,  but  truly  the 
actual  systems  affected  can  be  separated  both  spatially  and  functionally 
in  the  cell 

It  has  been  postulated  that  proper  concentrations  of  certain  inhibitors 
can  reduce  the  ATP  concentration  in  the  cell  to  levels  just  sufficient  to 
support  growth  or  function.  Under  these  conditions  another  inhibitor  that 
also  produces  a  decline  in  ATP,  even  though  it  acts  on  an  entirely  different 
metabolic  pathway,  would  inhibit  those  processes  that  depend  on  ATP 
at  concentrations  much  lower  than  if  it  were  acting  alone.  The  excellent 
analysis  of  the  inhibition  of  gastric  secretion  by  Davenport  is  one  of  the 
few  competent  treatments  of  a  phase  of  multiple  inhibition.  As  the  con- 
centration of  2,4-dinitrophenol  was  increased,  gastric  acid  secretion  began 
to  be  inhibited  around  0.01  niM.  It  was  reasoned  that  the  application  of 
another  inhibitor  would  shift  this  point  of  minimal  2,4-dinitrophenol  in- 
hibition depending  on  whether  this  second  inhibitor  interfered  with  ATP 
generation  or  with  ATP  utilization  (Davenport  et  al.,  1955).  iV-Ethylmal- 
eimide  shifted  the  minimal  2,4-dinitrophenol  concentration  for  inhibition 
to  lower  concentrations  and  iodoacetamide  shifted  it  to  higher  concentra- 
tions (Fig.  10-6),  from  which  different  sites  of  action  of  these  two  inhibitors 
were  made  likely.  This  type  of  inhibition  analysis  could  be  applied  profitably 
to  many  other  situations  and  the  technique  of  plotting  concentration-in- 
hibition curves  for  one  inhibitor  in  the  absence  and  presence  of  another 
inhibitor  is  a  convenient  and  often  illuminating  procedure. 
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Finally,  one  must  consider  relationships  of  a  more  physiological  nature. 
The  level  of  metabolic  activity,  and  perhaps  even  the  pattern  of  metabolism, 
is  related  to  the  functional  state  of  the  cells  (page  462).  An  inhibitor  de- 
pressing by  any  means  the  cell  functions  will  secondarily  modify  metabolism 
and  is  thus  able  to  ])roduce  an  abnormal  state  that  will  not  be  affected  in 
the  same  way  by  another  inhibitor.  If  the  response  to  inhibition  is  measured 
only  at  physiological  levels  (e.g.,  reflex  activity,  cardiac  rate,  intestinal 
motility,  or  urine  formation),  the  simple  modification  of  function  may  alter 
the  response  of  this  function  to  another  agent,  as  it  often  does  when  pairs 
of  drugs  are  used.  Relationships  like  this  must  be  borne  in  mind  in  inter- 
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FiG.  10-6.  Effects  of  inhibitors  on  gastric  acid 
secretion  in  the  presence  of  2,4-dinitrophenol.  The 
control  curve  shows  the  effect  of  2,4-dinitrophenol 
alone  and  the  curves  for  the  two  inhibitors  show 
the  shift  in  the  inflection  point.  (From  Davenport 
et  ah,  1955.) 


preting  the  data  from  multiple  inhibition  but  because  of  the  complex  be- 
havior and  the  almost  infinite  possibilities  of  interplay,  it  is  useless  to  at- 
tempt a  more  quantitative  treatment.  More  experimental  data  will  be 
necessary  before  theoretical  advances  may  be  made. 
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Two  Inhibitors  Acting  on  the  Metabolism  of  a  Pharmacologically  Active 

Compound 

Many  active  substances  (agonists)  are  formed  continuously  or  intermit- 
tently in  the  tissues  and  efficient  inactivation  of  these  substances  is  gen- 
erally necessary  for  the  proper  control  of  function  (page  466).  Thus  each 
agonist  is  formed  and  destroyed  enzymically: 

El       Ej 
Y->  A->X 

where  E^  and  E2  can  represent  either  single  enzymes  or  sequences.  As  in 
any  linear  system,  the  agonist  concentration  will  depend  on  the  relative 
rates  of  formation  and  destruction,  amongst  other  things  such  as  diffusion 
from  the  region.  An  inhibitor  will  alter  (A)  as  described  previously  (page  468). 
Two  inhibitors,  one  acting  on  the  formation  and  the  other  on  the  inac- 
tivation, will  usually  counteract  each  other  with  respect  to  the  effect  on  (A), 
whereas  two  inhibitors  acting  together  on  either  the  formation  or  destruc- 
tion may  augment  each  other.  If  the  effects  of  monoamine  oxidase  inhi- 
bitors, such  as  iproniazid,  are  primarily  due  to  the  rise  in  certain  amine 
concentrations  in  the  tissues,  this  action  could  be  increased  by  the  simul- 
taneous use  of  another  inhibitor  that  blocked  the  0-methylation  of  some 
of  these  amines  (since  this  is  another  pathway  available  for  inactivation) 
or  decreased  by  the  use  of  an  inhibitor  blocking  in  some  manner  the  syn- 
thesis of  these  amines.  In  the  future  it  may  be  possible  to  potentiate  the 
clinical  actions  of  these  monoamine  oxidase  inhibitors,  or  to  i^rovoke  a  more 
specific  rise  in  certain  amines,  by  the  administration  of  a  second  inhibitor. 
The  possibilities  for  the  useful  control  of  agonist  levels  are  many  but  at 
the  present  time  are  limited  by  the  ignorance  of  some  of  the  metabolic 
pathways  involved  and  the  lack  of  specific  inhibitors  for  pinpoint  blocking. 

One  Inhibitor  Prevents  the  Adaptation  of  the  Cells  to  Another  Inhibitor 

Cells  may  develop  resistance  to  an  inhibitor  by  several  different  mech- 
anisms. Most  of  these  mechanisms  seem  to  involve  the  formation  of  a 
new  enzyme  (either  to  destroy  the  inhibitor  or  to  establish  an  alternate 
pathway  around  the  block)  and  thus  the  ability  to  adapt  is  dependent 
on  the  whole  complex  of  reactions,  exergonic  and  endergonic,  required 
for  protein  synthesis.  It  is  not  surprising  that  enzyme  adaptation  has 
been  found  to  be  susceptible  to  a  variety  of  inhibitors.  Consequently  it 
would  appear  that  in  long-term  experiments  where  the  development  of 
resistance  is  an  important  factor,  another  inhibitor  would  commonly  de- 
press this,  not  so  much  by  the  block  of  an  alternate  pathway  as  by  the  pre- 
vention of  the  appearance  of  the  alternate  pathway.  Such  phenomena  have 
been  taken  advantage  of  in  the  treatment  of  tuberculosis  where  the  use  of 
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p-aminosalicylic  acid  prevents  to  some  extent  the  development  of  resistance 
to  streptomycin  by  the  mycobacteria.  It  is  likely  that  such  techniques  will 
have  to  be  used  in  the  chemotherapy  of  cancer  inasmuch  as  resistance  to 
single  agents  appears  so  readily. 

ANTAGONISM,   SUMMATION,   AND   SYNERGISM 

The  terms  antagonism,  summation,  and  synergism  have  been  applied 
for  many  years  in  pharmacology  with  a  variety  of  meanings.  They  have 
been  occasionally  used  in  inhibition  studies  with  equal  vagueness.  If  these 
expressions  are  to  be  used,  they  should  have  accepted  and  quantitative 
meanings;  otherwise  it  is  better  to  state  the  results  and  omit  the  terms. 
Antagonism  is  commonly  assumed  to  occur  when  two  agents  produce  an 
effect  that  is  less  than  expected  on  the  basis  of  their  individual  actions; 
likewise,  synergism  is  deduced  when  the  combined  effect  is  greater  than 
expected.  The  question  may  be  raised  as  to  just  what  one  expects  and  to 
the  validity  of  such  expectation.  For  example,  if  I^  depresses  respiration 
30%  and  Ig  depresses  it  45%,  what  inhibition  would  be  expected  when 
both  Ii  and  l^  are  present?  How  would  multiple  inhibitions  of  50,  60,  70, 
or  80%  be  classified  ?  In  the  examples  previously  discussed  of  two  inhibi- 
tors acting  on  various  types  of  simple  enzyme  systems,  it  was  evident  that 
different  effects  may  be  expected  depending  on  the  particular  situation. 
Before  antagonism  and  synergism  (or  potentiation)  can  be  defined,  some 
reasonable  method  of  determining  the  expected  result  of  summation  in  gen- 
eral cases  must  be  worked  out.  Actually,  it  is  usually  not  convenient  to 
approach  the  subject  by  comparing  the  effect  of  two  inhibitors  with  the 
effects  of  each  inhibitor  separately;  it  is  more  profitable  to  look  at  the  ef- 
fect of  a  single  inhibitor  both  alone  and  in  the  presence  of  the  other  inhi- 
bitor. 

Let  us  consider  the  two  inhibitors  mentioned  above.  If  the  normal  respir- 
atory rate  is  designated  as  100,  I^  alone  would  depress  it  to  70;  if  Ig  were 
now  added,  the  respiration  would  be  reduced  further  to  38.5  if  the  first 
inhibitor  had  no  effect  on  the  response  to  the  second.  Likewise,  if  L,  were 
used  alone,  the  respiration  would  drop  to  55  and  the  addition  of  I^  would, 
of  course,  bring  it  to  38.5  again.  Thus  on  the  basis  of  independence  of 
action,  the  expected  inhibition  by  the  two  inhibitors  acting  simultaneously 
would  be  6L5%.  Such  a  situation  may  be  called  summation.  A  combined 
effect  of  less  than  61.5%  inhibition  may  be  called  antagonism  and  an  effect 
greater  than  this  synergism.  This  may  be  easily  expressed  in  mathematical 
form.  The  fractional  respiratory  rate  in  the  presence  of  I^  alone  is  a^  = 
1  —  iy  and  the  addition  of  Ij  will  reduce  the  activity  to  a^a,  =  (1  —  ^i) 
(1  —  i^).  The  inhibition  produced  by  both  inhibitors  will  thus  be 

h  2  =  1  —  ^'if'2  =  1  -  (1  —  ^'i)(l  —  i-i)  =  ?i  +  H  —  HH 
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Summation:  t'l  2  =  ^  +  H  —  hh 

Antagonism:  ii^a  <  ii  +  12  —  iii^  (10-26) 

Synergism:  ^l^2  >  ^i  +  H  —  ii'h 

when  the  inhibitors  do  not  influence  each  other's  actions.  Stated  in  another 
way,  antagonism  occurs  when  a  second  inhibitor  produces  less  effect  in 
the  i^resence  of  the  first  inhibitor  than  it  does  alone,  and  synergism 
occurs  when  the  effect  is  greater.  It  should  be  evident  that  when  antag- 
onism or  synergism  is  observed,  it  does  in  no  way  indicate  the  mecha- 
nism involved  nor  imply  that  the  two  inhibitors  act  on  the  same  system. 
Isobolograms  have  been  used  pharmacologically  to  illustrate  antago- 
nism, summation,  and  synergism  (Loewe,  1957).  Let  us  consider  the  nature 
of  isobols  derived  from  inhibition  studies  on  complex  metabolic  systems 
such  as  respiration.  It  may  be  assumed  that  each  inhibitor  alone  acts  ac- 
cording to  the  equations: 

(I)i  (I.)  ^jQ_27) 


di)  +  K,  (I2)  +  K2 

where  K^  and  K2  are  simply  constants  of  no  physical  significance.  Combin- 
ing these  equations  with  the  summation  Eq.  10-26,  the  inhibition  to  be  pre- 
dicted from  both  inhibitors  would  be  given  by: 

Relationships  between  (I^)  and  (I,)  may  now  be  obtained  for  any  desired 
degree  of  inhibition  i-^o  and  such  have  been  plotted  in  Fig.  10-7.  Summation 
is  therefore  represented  by  a  curve  concave  upwards  and  not  by  a  straight 
line.  This  is  actually  quite  similar  to  the  results  on  simple  enzymes  (Fig. 
10-4,  curves  2,5,  and  8  where  a  =  1).  Synergism  then  would  be  represented 
by  a  curve  with  greater  upward  curvature  and  antagonism  by  curves  of 
lesser  curvature  and  particularly  by  curves  approaching  linearity  or  con- 
cave downwards  (Fig.  10-8).  A  corollary  to  these  considerations  is  the  non- 
additivity  of  inhibitor  concentrations:  thus  if  a  certain  degree  of  inhibition 
is  produced  by  (Ij)  and  (I2),  the  two  inhibitors  together  at  half  their  con- 
centrations will  not  give  the  same  inhibition. 

The  possibility  of  antagonism  or  synergism  occurring  when  two  inhibitors 
are  introduced  is  particularly  important  in  medical  applications,  as  it  is 
in  the  combined  use  of  any  drugs.  Many  of  the  results  on  combination  ther- 
apy reported  in  the  medical  and  jiharmacological  literature  are  pertinent 
to  inhibition  studies,  but  a  thorough  and  quantitative  theoretical  approach 
has  never  been  made.  In  the  pharmacological  field,  the  treatments  of  Ariens 
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Fig.   10-7.  I.sobologram  for  two  .simultaneously  acting  inhibitors  demonstrating 
summation   (Eq.  10-28). 
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FiG.  10-8.  Isobologram  for  two  simultaneously 
acting  inhibitors  illustrating  the  curves  to  be  ex- 
pected for  sujnmation,  synergism,  and  antagonism. 
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and  associates  (1957;  Ariens,  1954)  and  of  Landahl  (1958)  may  be  recom- 
mended. Nowhere  could  the  cooperation  between  pharmacology  and  bio- 
chemistry be  more  fertile  than  here. 

SPECIFICITY   OF   INHIBITION   WITH   TWO   INHIBITORS 

The  general  problems  of  inhibitor  specificity  will  be  taken  up  in  Chapter 
17  but  it  is  pertinent  at  this  time  to  consider  the  possibility  of  increasing 
the  selectivity  of  inhibition  by  the  judicious  use  of  two  or  more  inhibitors. 
The  uninhibited  use  of  multiple  inhibitors  will  generally  complicate  the 
situation  and  reduce  the  likelihood  that  a  selective  block  on  one  enzyme 
or  pathway  is  being  achieved.  However,  in  cases  in  which  the  action  spec- 
tra of  two  inhibitors  are  reasonably  well  known,  it  is  occasionally  possible 
to  augment  the  inhibition  of  a  particular  system  without  simultaneously 
losing  specificity.  This  situation  can  arise  especially  when  both  inhibitors 
act  on  a  common  enzyme  but  otherwise  have  different  sites  of  action.  The 
simplest  case  is  where  I^  acts  on  E^  and  E.,  whereas  1^  acts  on  E^  and  E3; 
a  combination  of  I^  and  I2  will  have  a  greater  effect  on  E^  without  increase 
of  inhibition  on  Eg  and  E3.  Of  course,  the  two  inhibitors  together  will  in- 
hibit more  enzymes  than  either  one  alone  but  the  inhibition  on  these  sec- 
ondary systems  will  be  relatively  smaller  compared  to  the  primary  ac- 
tion on  E,.  Let  us  assume  that  K ,     =  K,     —  1  niM  and  K:     =  K,    = 

11  12  21  23 

3  mM,  where  the  numerical  subscripts  refer  to  inhibitor  and  enzyme  in 
order.  It  is  easy  to  calculate  that  for  noncompetitive  inhibitors,  a  concen- 
tration of  1  mM  would  inhibit  E^  50%  when  acting  singly,  but  together 
at  this  concentration  the  inhibition  would  be  67%.  On  the  other  hand, 
the  inhibitions  on  either  E.,  or  E3  would  not  be  increased,  although  both 
would  now  be  depressed  25%.  If  50%  inhibition  of  E^  is  desired,  it  will 
require  only  0.5  mM  of  each  inhibitor  but  now  the  inhibitions  on  E2  and 
E3  will  be  only  around  14%.  Thus  some  improvement  in  selectively  block- 
ing E^  can  be  achieved  with  two  inhibitors  and  it  would  be  possible  to 
produce  even  greater  specificity  with  three  or  more  inhibitors  if  such  exist. 

INHIBITION  OF  BIOLUMINESCENCE  WITH  SULFANILAMIDE 

AND   URETHANE 

A  quantitative  investigation  of  the  multiple  inhibition  of  bacterial  lu- 
minescence was  made  by  Johnson  et  al.,  (1943)  and  a  consideration  of  the 
complex  results  obtained  may  serve  to  illustrate  the  problems  and  difficul- 
ties that  occur  in  work  with  living  systems.  The  results  with  sulfanilamide 
and  urethane  are  shown  in  Table  10-2.  By  comparing  the  calculated  inhi- 
bitions in  the  last  colums  with  the  experimental  inhibitions,  it  is  observed 
that  antagonism  between  the  inhibitors  occurs  in  every  case. 
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Table    10-2 

Effects    of    Sulfanilamide    and    Urethane    on    Bacterial    Luminescence    at 
Different  Temperatures  " 


Temp. 
(°C) 


15 

20 
25 
30 
35 


%  Inhibition 


Sulfanil- 
amide 


Ure- 
thane 


Both 


Vibrio  phosphorescens 


Photobacterium  phosphoreum 


I  °  °  § 


2 -2.2 -J 


I— I    o    1^    g 


15.8 

4.15 

12.2 

9.9 

73.8 

22.8 

27.3 

34.0 

13.3 

21.0 

18.0 

60.8 

38.2 

47.0 

62.0 

34.5 

30.5 

29.0 

44.5 

50.8 

53.2 

100.0 

65.5 

30.7 

29.5 

34.5 

69.3 

70.5 

91.0 

68.0 

19.5 

17.0 

25.2 

78.6 

81.3 

79.8 
75.8 
72.7 
79.9 
84.0 


5 

20.5 

8.3 

18.3 

12.0 

59.5 

10.7 

41.5 

63.8 

10 

38.0 

14.5 

31.5 

25.0 

61.8 

17.1 

34.2 

68.3 

15 

61.0 

29.5 

48.0 

40.0 

51.6 

21.3 

34.4 

61.9 

20 

88.0 

50.0 

61.5 

50.8 

43.2 

30.1 

42.3 

60.3 

25 

99.0 

67.0 

62.0 

50.0 

32.4 

37.4 

49.5 

57.7 

"  Data  from  Johnson  et  al.  (1943).  Iq  is  the  intensity  of  luminescence  in  the  absence 
of  inhibitors,  I^  with  sulfanilamide,  !„  with  urethane,  and  Is+„  with  both  inhibitors. 
Concentrations:  sulfanilamide,  3  m3I  and  urethane,  150  mM.  The  per  cent  inhibitions 
calculated  in  the  last  column  using  the  equation  is+„  =  ig  +  i„  —  ij^.  The  urethane 
concentration   was   75   milf   in   the   Photobacterium   esxperiment. 


It  is  stated  by  Johnson  et  al.  (1943)  that  antagonism,  no  effect,  and  syn- 
ergism are  all  observed  depending  on  the  temperature.  Their  definitions 
of  these  terms  are  quite  different  than  those  adopted  above,  since  they 
use  "antagonism"  to  designate  cases  in  which  the  combined  inhibition  is 
lower  than  that  of  either  inhibitor  alone,  "no  effect"  to  indicate  a  com- 
bined inhibition  of  the  same  magnitude  as  that  of  either  inhibitor  alone, 
and  "synergism"  to  indicate  a  greater  combined  inhibition  than  with  ei- 
ther inhibitor  alone.  It  may  be  seen,  however,  in  every  case  that  the  pres- 
ence of  one  inhibitor  reduces  the  inhibition  produced  by  the  other  inhi- 
bitor and  it  seems  to  the  author  that  this  would  justify  classifying  the  in- 
teraction here  as  antagonism. 

It  is  interesting  that  the  degree  of  antagonism  varies  markedly  with 
the  temperature,  especially  in  Vibrio  where  at  15°  the  inhibition  by  the  sul- 
fanilamide is  almost  completely  counteracted  while  at  35°  the  situation 
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is  nearly  expressed  by  summation.  This  was  explained  in  part  by  the  for- 
mation of  a  complex  between  sulfanilamide  and  urethane.  The  urethane 
was  in  much  higher  concentration  than  the  sulfanilamide  and  at  low  tem- 
peratures the  sulfanilamide  was  to  a  large  extent  complexed  and  inactive; 
increase  in  temi^erature  resulted  in  a  greater  dissociation  of  the  complex. 
This  explanation  is  not  entirely  satisfactory.  In  the  first  place,  in  Vibrio 
the  combined  inhibition  followed  the  inhibition  by  urethane  alone  quite 
closely,  at  every  temperature  sulfanilamide  contributing  little  to  the  in- 
hibition; from  this  it  would  appear  that  temperature  had  very  little  effect 
on  the  ability  of  sulfanilamide  to  inhibit  in  the  presence  of  urethane.  In 
the  second  place,  the  results  in  Photobacterium  are  not  indicative  of  com- 
plex formation  at  low  temperatures  (even  though  only  half  the  concentra- 
tion of  urethane  used  with  Vibrio  was  present),  since  the  combined  inhibi- 
tion was  closer  to  that  with  sulfanilamide  alone.  If  complex  formation  were 
the  sole  origin  of  the  phenomenon,  one  would  expect  both  organisms  to 
behave  similarly.  Part  of  the  antagonism  of  sulfanilamide  may  be  due  to 
complex  formation  but  in  addition  there  would  appear  to  be  a  metabolic 
interaction,  the  nature  of  which  must  remain  unknown  until  the  i)athways 
and  sites  of  inhibition  are  better  understood.  It  is  likely  that  sulfanilamide 
and  urethane  act  on  different  pathways  or  sites  because  of  the  opposite 
temperature  dependence  of  their  inhibitions. 

A  reduction  in  metabolic  rate  might  be  expected  to  induce  frequently 
some  resistance  to  an  inhibitor.  This  will  be  discussed  in  more  detail  in 
Chapter  15  but  it  is  interesting  in  connection  with  the  inhibition  of  lumi- 
nescence to  realize  that  the  slower  operation  of  a  metabolic  pathway  can 
alter  the  dependence  of  the  rate  on  enzyme  or  coenzyme  concentrations. 
During  slow  activity,  the  enzymes  or  coenzymes  have  greater  opportunity 
to  be  in  excess  of  what  is  needed,  and  thus  inhibition  or  inactivation  will 
not  so  readily  cause  a  reduction  in  the  rate.  Such  a  factor  might  be  involved 
in  the  antagonism  between  sulfanilamide  and  urethane. 


CHAPTER  11 

LOCALIZATION  OF  THE  SITE  OF  INHIBITION 


It  is  commonly  found  that  a  substance  interferes  with  some  phase  of 
metabolism  or  produces  on  cells,  tissues,  or  animals  effects  whose  origin 
is  believed  to  be  biochemical.  The  basic  problem  of  finding  the  site  or  sites 
of  the  action  then  arises.  One  would  prefer  to  localize  the  action  to  a  single 
enzyme  or  metabolic  event  and  on  this  basis  be  able  to  explain  the  meta- 
bolic disturbance  or  the  functional  changes  observed  in  the  presence  of  the 
substance.  The  purpose  of  this  chapter  is  to  present  some  of  the  principles 
and  techniques  by  which  such  analyses  may  be  carried  out  and  to  illustrate 
these  methods  with  a  few  examples  of  localization.  No  one  should  imagine 
that  this  is  an  easy  problem.  There  are  many  often-used  inhibitors  whose 
exact  site  of  action  is  not  yet  known;  for  example,  phlorizin,  antimycin, 
quinones  and  naphthoquinones,  cadmium  and  lead,  diethyldithiocarbamate, 
maleate,  dinitrophenols,  urethane,  and  alloxan,  to  name  only  a  few.  The 
action  of  a  new  inhibitor  may  very  well  not  be  on  a  known  metabolic  sys- 
tem. When  fluoride  and  iodoacetate  were  first  studied  on  muscle  metabo- 
lism, the  glycolytic  pathway  had  not  been  elucidated;  indeed,  these  inhi- 
bitors played  a  role  in  establishing  the  enzyme  sequence  in  glycolysis. 
Thus  the  investigation  of  a  new  inhibitor  will  occasionally  bring  to  light 
a  new  pathw^ay  or  enzyme.  Although  such  a  contribution  to  biochemical 
knowledge  may  be  important,  it  makes  the  eventual  determination  of  the 
site  of  action  particularly  difficult.  It  is  really  only  under  fortuitous  cir- 
cumstances that  a  satisfactory  localization  can  be  readily  made. 

METHODS  OF  LOCALIZATION 

Certain  procedures  are  often  useful  for  localization.  It  is  necessary  to 
inquire  into  the  applicability  and  validity  of  these  methods,  which  are 
based  to  a  large  extent  on  the  principles  discussed  in  previous  chapters. 

Accumulation  of  Intermediates 

When  an  inhibitor  exerts  a  blocking  action  on  an  enzyme  in  a  metabolic 
pathway,  it  would  be  m'edicted  that  the  intermediate  acted  upon  by  this 
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enzyme  would  tend  to  rise  in  concentration.  Some  consideration  has  al- 
ready been  given  to  the  concentrations  of  intermediates  in  multienzyme 
systems  (Chai^ter  7)  and  it  was  i)ointed  out  that  there  are  several  factors 
which  may  determine  whether  accumulation  of  an  intermediate  will  occur 
or  not.  If  such  an  intermediate  does  indeed  accumulate  during  inhibition 
and  this  can  be  detected  by  analysis,  it  provides  useful  information  on  the 
site  of  the  block.  Some  examples  of  intermediate  accumulation  where  this 
X)henomenon  has  been  of  great  importance  in  the  study  of  the  inhibitors 
might  be  cited:  the  rise  in  hexose  phosphates  during  inhibition  by  iodoace- 
tate,  the  appearance  of  large  amounts  of  keto  acids  following  treatment  with 
trivalent  arsenicals,  the  accumulation  of  citrate  in  fluoroacetate  poisoning, 
the  rise  in  toxic  aldehyde  formed  from  alcohol  in  tissues  subjected  to  di- 
sulfiram  (Antabuse), 'the  increase  in  acetylcholine  at  synaptic  junctions 
when  acetylcholinesterase  is  inhibited,  and  the  progressive  accumulations 
of  the  catechol  amines  throughout  the  body  after  administration  of  the 
monoamine  oxidase  inhibitors.  These  and  other  instances  will  be  discussed 
in  greater  detail  in  those  chapters  devoted  to  the  inhibitors  involved. 

Inhibition  of  an  enzyme  in  a  metabolic  sequence  is  not  invariably  fol- 
lowed by  the  accumulation  of  the  substrate  for  this  enzyme.  There  are 
several  iDossible  reasons.  An  equilibrium  may  exist  between  the  intermediate 
whose  metabolism  is  blocked  and  earlier  intermediates  in  the  sequence. 
Thus  triose  phosphate  does  not  rise  appreciably  during  inhibition  with 
iodoacetate  because  the  equilibrium  conditions  favor  the  hexose  phosphates. 
There  may  be  other  pathways  for  the  metabolism  of  the  intermediate 
so  that  a  block  of  one  path  will  only  shift  the  pattern  of  the  process.  Cer- 
tain amines  in  certain  tissues  do  not  accumulate  even  though  monoamine 
oxidase  is  completely  inhibited,  presumably  because  reactions  such  as  0- 
methylation  are  also  available.  Sometimes  simple  diffusion  from  the  region 
of  formation  will  prevent  the  accumulation  of  an  intermediate.  The  rel- 
atively low  permeability  of  mitochondria  to  citrate  allows  the  marked 
accumulation  of  this  intermediate  when  aconitase  is  blocked,  whereas  other 
cycle  intermediates  upon  inhibition  of  their  respective  enzymes  would 
have  a  greater  tendency  to  leave  the  mitochondria.  It  is  thus  often  impor- 
tant to  analyze  the  medium  or  perfusate  for  the  intermediate  in  such 
cases  and  not  confine  the  examination  to  the  tissue  units.  It  must  also  be 
realized  under  certain  circumstances  that  the  accumulation  of  an  inter- 
mediate must  be  very  great  for  it  to  be  detected,  especially  when  the  steady- 
state  level  is  normally  low.  Thus  a  fair  degree  of  inhibition  may  be  exerted 
without  a  demonstrable  effect  upon  an  intermediate. 

Conversely  there  are  several  reasons  why  the  accumulation  of  an  inter- 
mediate during  inhibition  does  not  necessarily  imply  a  block  of  the  enzyme 
metabolizing  that  intermediate.  This  is  the  case,  as  we  have  seen  above, 
when  the  intermediate  is  in  equilibrium  with  other  substances,  and  may  be 
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the  case  when  an  alternate  pathway  becomes  more  important  in  the  me- 
tabolism of  the  intermediate,  because  the  products  of  this  alternate  path- 
way may  increase  in  concentration.  But  there  are  many  more  complicated 
situations  where,  in  the  closely  integrated  metabolism  of  the  living  cell, 
a  system  other  than  the  one  directly  attacked  will  be  modified  and  the 
concentrations  of  its  intermediates  altered.  A  block  in  any  process  in- 
volved in  the  formation  of  high-energy  phosphate  bonds  is  apt  to  induce 
an  accumulation  of  various  precursors  for  synthetic  reactions.  Also  the 
reduction  in  the  formation  of  some  product  of  a  sequence  may  give  rise  to 
the  accumulation  of  another  compound  with  which  this  product  reacts. 
One  can  easily  imagine  other  circumstances  but  it  should  be  obvious  that  in 
the  cell  the  inhibition  of  any  one  process  may  in  a  variety  of  ways  affect 
other  processes  and  the  entire  steady-state  pattern  of  metabolism  be  made 
abnormal.  Finally,  if  the  inhibitor  is  not  specific  upon  a  single  enzyme, 
secondary  actions  may  cause  rises  in  the  concentrations  of  intermediates 
in  pathways  that  are  actually  not  important  with  regard  to  the  principal 
mechanism  by  which  the  inhibitor  produces  its  effects. 

Addition  of  Various  Substrates  or  Intermediates 

A  comparison  of  the  actions  of  an  inhibitor  in  the  presence  of  various 
substrates  may  provide  information  on  the  site  of  action.  If  an  inhibitor 
has  been  found  to  act  on  the  tricarboxylic  acid  cycle,  the  sensitive  enzyme 
can  usually  be  found  by  simply  testing  the  inhibitor  against  all  the  sub- 
strates and  cycle  intermediates  added  individually.  Using  a  reducible  ac- 
ceptor dye  it  is  possible  to  determine  the  relative  actions  of  an  inhibitor 
on  different  dehydrogenases  by  testing  with  each  substrate  alone.  Even 
in  intact  cells  it  is  often  possible  to  demonstrate  different  degrees  of  inhi- 
bition when  the  substrate  is  changed. 

These  differences  in  inhibition  may  be  illustrated  by  considering  some 
common  multienzyme  systems.  In  a  monolinear  chain: 

I 
A^B-H^C-^D^E  (11-1) 

if  the  inhibitor  acts  on  the  step  B  ->  C,  the  formation  of  E  will  be  depressed 
when  A  or  B  are  used  as  substrates,  but  not  when  C  or  D  are  used.  In  other 
words,  addition  of  C  or  D  will  overcome  the  block.  This  situation  is  seen 
in  the  differential  effects  of  iodoacetate  on  glucose  and  pyruvate  metabolism. 
Lundsgaard  (1932)  found  that  iodoacetate-poisoned  yeast  would  oxidize 
pyruvate  more  readily  than  carbohydrate  and  Quastel  and  Wheatley  (1932) 
reported  the  same  situation  in  guinea  pig  brain.  More  recently  it  has  been 
shown  by  Heald  (1953)  that  electrically-stimulated  brain  slices  were  in- 
hibited more  potently  by  iodoacetate  when  glucose  was  the  substrate 
than  when  lactate  was  the  substrate.  The  differential  effect  has  been  studied 


516  11.   LOCALIZATION  OF  THE  SITE  OF  INHIBITION 

most  thoroughly  in  cardiac  tissue.  The  depression  of  the  rate  and  contrac- 
tility in  rabbit  atria  produced  by  iodoacetate  can  be  partially  overcome 
by  the  addition  of  pyruvate  (Webb,  1950  a).  However,  this  occurred  only 
at  lower  concentrations  of  iodoacetate  (0.2  mM)  and  following  relatively 
brief  exposures  before  the  depression  had  advanced  too  far,  while  at  higher 
concentrations  (1  mM)  or  after  longer  exposures,  pyruvate  had  no  effect. 
This  can  be  correlated  with  the  observation  that  the  oxidation  of  pyruvate 
by  heart  slices  is  completely  prevented  by  1  mM  iodoacetate  (Webb  et  at., 
1949  b)  and  that  cardiac  mitochondrial  oxidation  of  pyruvate  is  inhibited 
very  strongly  by  this  concentration  of  iodoacetate  (Yang,  1957).  The 
most  complete  differentiation  of  inhibition  was  achieved  in  rat  ventricle 
in  which  iodoacetate  (0.2  mM  for  30  min)  completely  blocked  the 
contractile  stimulation  produced  by  glucose  and  had  little  or  no  effect 
on  the  stimulation  by  pyruvate  (Masuoka  et  al.,  1952).  The  comparison  of 
the  effects  of  glucose  and  pyruvate  in  iodoacetate-inhibited  preparations 
will  thus  give  some  measure  of  the  selective  action  of  this  inhibitor  on  gly- 
colysis. 

When  one  branch  of  a  convergent  chain  is  blocked,  the  response  to  the 
respective  substrates  will,  of  course,  be  different.  Metabolism  of  A  and  C 

^  > 

B  -1^  D  -^  E  (11-2) 

0    ^ 

will  be  unaffected  and  that  of  B  will  be  inhibited.  In  such  a  situation, 
some  care  must  be  taken  not  to  interpret  the  overcoming  of  the  inhibition 
by  A  or  C  to  be  a  competitive  effect  with  the  inhibitor.  In  a  simple  cyclic 

A 


X^/      VI 

/  \  (11-3) 

C  ^— r  B 

Y 

system  a  block  in  the  step  A  ->  B  will  l)e  circumvented  by  addition  of  B  but 
not  by  the  addition  of  A  or  C  if  the  formation  of  Y  is  being  determined. 
These  simple  principles  may  be  applied  to  other  and  more  complex  systems 
and  form  the  basis  for  this  method  of  localization. 

Spectroscopic  Analysis 

The  electron  transport  systems  lend  themselves  readily  to  spectroscopic 
study  because  of  the  characteristic  absorptions  of  the  nucleotides  and  cy- 
tochromes, and  the  differences  in  absorption  exhibited  by  the  oxidized  and 
reduced  states  of  these  components.   An  inhibitor  blocking  the  flow  of 
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electrons  at  any  point  in  the  sequence  will  modify  the  steady-state  spectral 
characteristics.  Under  favorable  circumstances  these  changes  may  be  ob- 
served in  preparations  of  living  cells.  Assuming  a  generalized  electron- 
transport  sequence  such  as: 

SHj  ->  DPX+  ->  FAD  -^  cyt-b  ->  cyt-Cj  ^*  cyt-c  ->  cyt-a  ->  oxidase  ->  O2 

where  the  arrows  indicate  the  direction  of  electron  flow,  the  inhibition  of  a 
particular  step  will  slow  down  or  prevent  reduction  of  the  components  to 
the  right  of  the  block  and  oxidation  of  the  components  to  the  left  of  the 
block.  This  principle  was  first  applied  by  Keilin  in  1925  in  his  classic  paper 
on  the  nature  of  the  cytochromes  and  extended  to  more  accurate  localiza- 
tions in  later  reports.  More  recently  this  technique  has  been  refined  and 
applied  extensively  to  many  systems  by  Chance  (1958;  Chance  and  Wil- 
liams,   1956;   Chance  and  Hess,   1959). 

The  typical  simple  four-banded  spectrum  of  the  reduced  cytochromes  was 
observed  in  many  tissues  by  Keilin  (1925)  and  the  disappearance  of  these 
bands  was  noted  upon  oxidation.  A  yeast  suspension  under  anaerobic  con- 
ditions thus  exhibited  the  bands  of  the  reduced  cytochromes;  upon  shaking 
with  oxygen  these  bands  faded  and  disappeared.  However,  if  cyanide 
were  present,  the  reduced  spectrum  remained  when  the  cells  were  exposed 
to  oxygen.  It  was  also  found  that  when  cyanide  was  added  to  an  oxygenated 
suspension,  the  bands  of  the  reduced  cytochromes  appeared  rapidly.  It 
was  concluded  that  cyanide  acted  on  some  component  between  oxygen  and 
the  cytochromes;  3  years  later  this  was  identified  with  the  terminal  oxidase 
(called  indophenol  oxidase  at  that  time  and  now  known  as  cytochrome 
oxidase)  (Keilin,  1928).  Urethane,  on  the  other  hand,  inhibited  respiration 
in  a  different  manner  because  it  was  shown  to  block  the  reduction  of  the 
cytochromes  without  having  any  effect  on  their  oxidation  (Keilin,  1925). 
A  yeast  suspension  treated  with  urethane  and  shaken  with  oxygen  showed 
the  cytochromes  to  be  oxidized;  if  cyanide  was  then  added,  the  cytochromes 
did  not  become  reduced  as  they  would  have  been  in  the  absence  of  urethane. 
Urethane  must  therefore  act  on  some  step  between  the  substrate  and  the 
cytochromes.   Keilin  was  able  to  propose  a  tentative  sequence: 

(urethane)                                 (cyanide) 
Substrate >  cytochromes  >  Oj 

An  approximate  localization  for  the  sites  of  inhibition  could  be  made  be- 
fore the  actual  components  of  the  electron  transport  system  were  known 
and  the  subsequent  elucidation  of  the  components  has  been  aided  by  the 
use  of  these  and  other  inhibitors. 

The  later  analysis  of  the  site  of  action  of  cyanide  (Keilin  and  Hartree, 
1939)  illustrates  another  but  more  direct  technique.  When  the  compo- 
nent with  which  the  inhibitor  reacts  possesses  a  characteristic  spectrum. 
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this  spectrum  of  absorption  is  usually  altered  by  reaction  with  the  inhibitor 
and  this  constitutes  positive  evidence  for  the  locus  of  inhibition.  It  was 
possible  to  demonstrate  the  absorption  bands  of  another  component  of 
the  cytochrome  system  and  this  was  termed  cytochrome  a^.  Upon  reaction 
with  cyanide  or  carbon  monoxide,  these  bands  changed  in  a  manner  in- 
dicative of  an  inhibitor  complex,  and  it  was  thus  possible  to  equate  cyto- 
chrome ttg  with  the  terminal  oxidase  and  the  exact  site  of  action  of  these 
inhibitors. 

The  power  and  accuracy  of  these  methods  have  been  markedly  improved 
with  the  development  of  rapid  difference  spectroscopy  by  Chance.  It  is 
now  possible  to  determine  precisely  the  oxidation-reduction  state  of  each 
component  of  the  electron  transport  sequence  under  a  variety  of  conditions. 
During  activity  in  the  respiratory  chain,  it  is  now  known  that  every  com- 
ponent exists  partly  in  the  oxidized  and  partly  in  the  reduced  state,  the 
fractions  depending  on  the  relative  activities  of  the  enzymes  in  the  se- 
quence and  the  supply  of  substrates,  oxygen,  and  phosphate  acceptors 
(Chance  and  Williams,  1956).  Let  us  illustrate  the  behavior  of  such  a  system 
during  inhibition  by  outlining  the  results  with  antimycin.  When  antimy- 
cin  was  added  to  a  mitochondrial  suspension  in  a  steady  state  of  activity, 
the  cytochromes  a^,  a,  and  c  became  completely  oxidized,  while  cytochrome 
b  and  the  nucleotides  became  completely  reduced  (Chance  and  Williams, 
1956).  The  site  in  the  chain  where  reduction  changes  over  to  oxidation  is 
called  the  "crossover  point"  by  Chance  and  it  is  to  this  locus  that  the 
inhibitory  attack  is  attributed.  In  this  case,  the  crossover  point  is  between 
cytochromes  b  and  c.  Antimycin  could  thus  act  either  on  an  unknown 
component  between  these  cytochromes  or  it  could  react  with  cytochrome  6 
to  prevent  its  oxidation;  reaction  with  cytochrome  c  is  unlikely  because 
it  can  be  reduced  readily  upon  addition  of  ascorbate.  It  is  possible  to  lo- 
calize the  action  more  closely  inasmuch  as  antimycin  has  been  shown  to 
block  the  reduction  of  cytochrome  Cj,  which  operates  between  cytochromes 
b  and  c  (Keilin  and  Hartree,   1955). 

Spectroscopic  determinations  may  be  combined  with  additions  of  spe- 
cific electron  donors  or  acceptors.   In  the  hypothetical  transport  chain: 

I 
A^B-i->C^D->E  (11-4) 


donor  acceptor 

where  a  block  has  been  established  between  B  and  C,  the  addition  of  a 
donor  from  which  C  can  accept  electrons  will  circumvent  the  block;  this 
was  the  case  in  the  addition  of  ascorbate  above.  Likewise,  addition  of  an 
acceptor  that  can  take  electrons  from  B  will  allow  the  reaction  to  proceed. 
There  will  be,  of  course,  corresjionding  changes  in  the  oxidation-reduction 
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state  of  the  components  when  these  donors  or  acceptors  are  added.  The 
development  of  many  acceptor  dyes,  such  as  phenazine  methosulfate,  di- 
ethylsafranin,  2,6-dichlorophenol-indophenol,  and  others,  acting  at  different 
loci  in  the  electron-transport  sequence,  has  increased  the  versatility  of  this 
method. 

Distribution  of  Labeled  Substrate  Atoms 

A  rather  laborious  but  often  informative  technique  for  the  localization 
of  inhibitor  action  involves  the  addition  of  a  substrate  labeled  at  certain 
positions  with  radioactive  atoms  and  the  determination  of  the  metabolic 
pathways  followed  by  these  atoms  in  the  absence  and  presence  of  an  in- 
hibitor. The  refinement  in  various  types  of  chromatographic  analysis  has 
allowed  this  procedure  to  be  applied  to  a  great  variety  of  metabolic  block- 
ades. The  localization  achieved  is  usually  restricted  to  metabolic  pathways 
rather  than  to  individual  enzymes  but  nevertheless  may  be  valuable  in 
the  initial  mapping  out  of  the  action  of  a  new  inhibitor.  This  method  is 
also  useful  in  establishing  whether  an  inhibitor,  which  has  been  shown  by 
other  techniques  to  block  some  enzyme  or  pathway  in  vitro,  actually  does 
this  in  the  living  cell. 

Many  examples  of  this  procedure  will  be  discussed  in  connection  with 
the  individual  inhibitors  but  one  illustration  of  the  method  may  be  taken 
from  studies  on  the  inhibition  of  photosynthesis  by  iodoacetate  and  io- 
doacetamide.  These  inhibitors  were  shown  by  Kohn  (1935)  to  depress  po- 
tently the  formation  of  sucrose  and  indirect  evidence  indicated  that  the 
block  was  not  primarily  on  the  initial  photochemical  reaction  (light  reac- 
tion) but  on  the  subsequent  pathway  whereby  CO2  is  utilized  in  the  forma- 
tion of  carbohydrate  (dark  reaction).  Recently  it  has  been  possible  to  de- 
termine the  distribution  of  carbon- 14  when  plant  tissue  is  illuminated  for 
very  brief  periods  in  the  presence  of  C^^Og  and  it  is  apparent  that  the  first 
stable  intermediate  is  3-phosphoglycerate,  which  showed  the  highest  spe- 
cific activity  initially.  The  formation  of  hexoses  could  thus  occur  through 
the  reversal  of  the  glycolytic  pathway,  the  first  step  being  the  reduction 
of  the  3-phosphoglycerate  to  glyceraldehyde-3-phosphate.  If  this  occurs, 
iodoacetate  and  iodoacetamide,  which  inhibit  the  phosphoglyceraldehyde 
dehydrogenase,  should  block  the  photosynthesis  of  carbohydrate  in  the 
same  manner  as  they  inhibit  glycolysis,  and  perhaps  would  cause  an  ac- 
cumulation of  3-phosphoglycerate.  Calvin  and  his  co-workers  (Calvin  et 
al,  1951)  treated  Chlorella  with  0.15  mM  iodoacetamide  so  that  C^^Oa 
fixation  was  inhibited  90%  and  yet  it  was  found  that  the  rate  of  sucrose 
formation  was  not  decreased.  Also  no  phosphoglycerate  accumulation  oc- 
curred. It  was  suggested  that  enzymes  other  than  phosphoglyceraldehyde 
dehydrogenase  could  have  been  inhibited,  blocking  other  pathways  of 
phosphoglycerate  utilization  and  allowing  a  more  channeled  sucrose  syn- 
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thesis.  Arnon  (1952)  believed  that  insufficient  time  had  been  allowed  for 
the  iodoacetamide  to  act  and  that  the  original  data  pointed  to  a  progres- 
sive decline  in  sucrose  formation  with  time;  even  if  this  were  true,  it  is 
evident  that  the  inhibitor  blocks  more  readily  some  other  enzyme  initially. 
The  situation  is  complicated  still  more  by  the  determination  of  carbon-14 
distribution  in  tobacco  leaves,  infiltrated  with  0.15  mM  iodoacetamide 
and  illuminated  for  periods  of  4  and  30  sec,  reported  by  Newburgh  and 
Burris  (1954).  The  fixation  of  C^^O.^  was  again  depressed  strongly  and  the 
distribution  of  the  label  was  markedly  altered  (Table  11-1).  The  reduction 

Table  11-1 

Effect  of  Iodoacetamide  (iaam)  on  the  Pattern  of  Carbon-14  Incorporation 

IN  Tobacco  Leaves  Exposed  to  01*0,  " 


0/ 

/o 

of   Total    Ci^Oa 
incorporated 

Specific 

activity 

Compound 

Control 

IAAM 

Control 

IAAM 

4  sec 

30  sec 
10 

4  sec 

30  sec 

4  sec 

30  sec 

4  sec 

30  sec 

Phosphoglycerate 

7 

2 

5 

128 

118 

6 

16 

Hexose  diphosphate 

6 

5 

7 

5 

85 

92 

28 

19.3 

Glucose  phosphate 

2 

13 

4 

24 

36 

- 

19 

220 

"Phosphate  esters" 

2 

- 

23 

- 

30 

- 

68 

- 

Malate 

18 

14 

14 

11 

- 

7.7 

- 

9.8 

Alanine 

41 

24 

36 

14 

21.6 

56 

26 

139 

Serine 

4 

7 

7 

6 

10 

- 

- 

34 

Aspartate 

9 

6 

2 

9 

4.7 

— 

4.5 

"  The  time  intervals  are  the  durations  of  exposure  to  light.  Iodoacetamide  was 
0.15  mil/.  The  specific  activity  is  given  as  counts/minute/m/<moles  of  compound.  The 
"phosphate  esters"  consisted  of  several  compounds  of  about  equal  activity  including 
fructose  phosphate  and  6-phosphogluconate.  The  total  incorporation  of  C^Oj  was 
inhibited  about  75°o  by  this  concentration  of  iodoacetamide. 


in  the  specific  activity  of  phosphoglycerate  indicates  either  an  inhibition 
of  the  carboxylation  reaction  or  of  the  supply  of  ribulose  diphosphate  for 
carboxylation.  The  increased  formation  of  glucose  phosphate  and  the  high 
specific  activity  at  30  sec  point  to  the  reversal  of  the  pentose  phosphate 
shunt  pathway;  the  great  rise  in  "phosphate  esters"  (which  include  fruc- 
tose phosphate  and  6-i3hosphogluconate)  may  support  this  but  more  de- 
tailed analysis  of  this  fraction  would  be  necessary.  These  experiments  in 
any  event  have  demonstrated  multiple  sites  for  the  inhibition  and  have 
made  it  unlikely  that  the  effect  on  phosphoglyceraldehyde  dehydrogenase 
is  of  major  importance. 
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Use  of  a  Second   Inhibitor 


When  several  metabolic  reactions  are  proceeding  in  a  preparation,  it  is 
occasionally  possible  to  narrow  the  systems  investigated  with  specific  in- 
hibitors. Any  effect  of  the  inhibitor  that  is  being  studied  can  then  more 
readily  be  attributed  to  the  "isolated"  pathway  or  enzyme.  The  simplest 
situation  is  a  monolinear  chain.  The  oxidation  of  «-ketoglutarate  in  mi- 
tochondria is  followed  by  the  oxidation  of  the  succinate  formed  and  to 
some  extent  by  further  oxidations.  By  the  proper  use  of  malonate,  at  a 
concentration  that  effectively  inhibited  succinate  oxidation  but  did  not 
interfere  with  a-ketoglutarate  oxidation,  Slater  and  Holton  (1954)  were 
able  to  study  the  properties  of  the  a-ketoglutarate  oxidase  uncomplicated 
by  these  subsequent  reactions.  The  blocking  of  one  pathway  in  a  bilinear 
system  will  also  allow  the  action  of  an  inhibitor  on  the  other  pathway  to 
be  studied.  An  investigation  into  possible  inhibitors  of  the  0-methylation 
of  the  catechol  amines,  for  example,  could  be  done  more  quantitatively  if 
the  monoamine  oxidase  were  blocked. 

Enzyme  inhibitors  sometimes  produce  a  stimulation  of  metabolism  or 
cell  function  (page  451)  and  the  nature  of  the  reactions  involved  in  this 
may  be  probed  with  other  inhibitors.  Malonate  stimulates  the  respiration 
of  heart  slices  following  an  initial  depression;  the  presence  of  fluoride  almost 
completely  prevents  this  stimulation  (Webb  et  al.,  1949  b)  suggesting  that 
the  rise  in  respiration  is  mediated  through  glycolysis.  Malonate  also  stim- 
ulates the  contractility  of  hypodynamic  ventricle  stri])s  and  this  is  ef- 
fectively counteracted  by  low  concentrations  of  iodoacetate  (Covin  and 
Berman,  1956),  again  pointing  to  the  role  of  glycolysis  in  the  stimulation. 
These  results,  of  course,  did  not  exactly  localize  the  site  of  action  of  malo- 
nate but  did  present  some  possibilities  for  further  testing,  e.g.,  the  elimi- 
nation of  a  rate-limiting  step  in  the  conversion  of  glucose  to  pyruvate. 

A  comparison  of  the  actions  of  two  or  more  inhibitors  can  be  of  use  in 
making  a  localization  more  certain.  If  a  new  inhibitor  has  been  shown  to 
act  on  a  particular  enzyme  or  pathway,  the  demonstration  that  it  produces 
the  same  effects  as  an  inhibitor  known  to  act  specifically  at  this  site  sub- 
stantiates the  localization.  Let  us  assume  that  a  substance  has  been  shown 
to  inhibit  the  phosphoglyceraldehyde  dehydrogenase.  If  one  wishes  to 
be  certain  that  this  is  its  site  of  action  in  the  cell,  the  inhibitor  should  be 
shown  to  have  at  least  some  of  the  effects  of  iodoacetate,  e.g.,  an  accumu- 
lation of  hexosephosphates,  a  reduction  in  anaerobic  lactate  formation, 
the  development  of  contracture  in  muscle,  or  the  abolition  of  retinal  ac- 
tivity. In  case  the  actions  of  the  inhibitors  differ,  it  must  be  concluded 
that  either  the  new  inhibitor  is  not  inhibiting  the  dehydrogenase  specifi- 
cally or  that  the  classic  concept  of  iodoacetate  action  is  incorrect.  The 
greater  the  correlation  between  the  over-all  effects  of  a  group  of  inhibi- 
tors and  the  ability  of  the  various  members  to  inhibit  a  certain  reaction. 


522  11.   LOCALIZATION  OF  THE  SITE  OF  INHIBITION 

the  more    certain  is   one  that  the  effects  are  related  to  this  particular 
inhibition. 

Demonstration  of  Inhibition  on  Isolated  Enzymes 

Ideally  in  the  localization  of  action  of  a  new  inhibitor,  the  analysis 
proceeds  from  complex  metabolic  systems  to  the  sensitive  enzyme.  That  is, 
one  first  shows  that  the  inhibitor  acts  on  some  major  process  in  the  cell, 
then  on  some  particular  pathway,  then  narrows  the  site  to  a  region  of  this 
pathway,  and  finally  shows  the  necessary  inhibition  on  a  single  enzyme. 
In  such  a  procedure  it  is  essential  that  the  nature  of  the  inhibition  on  the 
single  enzyme  or  reaction  be  established  if  one  is  to  be  completely  confident 
of  the  localization.  It  is  admitted  that  this  is  not  always  immediately 
possible  because,  as  has  been  discussed,  the  site  may  be  a  previously  un- 
known component  or  an  enzyme  that  has  never  been  isolated  in  an  active 
state.  In  such  cases  the  final  localization  will  be  achieved  only  with  the 
characterization  of  this  site. 

When  the  approach  begins  w^ith  and  restricts  itself  to  a  study  of  isolated 
enzymes,  only  very  tenuous  conclusions  can  be  drawn.  Even  if  all  the  known 
enzymes  were  tested  and  the  spectrum  of  inhibition  established  on  these, 
there  are  reasons  why  it  would  be  impossible  to  deduce  with  validity  a  site 
or  sites  of  action  in  the  cell.  In  the  first  place,  there  may  be  again  an  un- 
known enzyme  that  is  more  sensitive  to  the  inhibitor  than  any  of  those 
tested.  In  the  second  place,  isolated  enzymes  and  the  same  enzymes  within 
the  cell  do  not  necessarily  behave  identically  (page  436).  There  must  be 
evidence  from  work  on  living  systems  that  the  metabolism  within  which 
the  particular  enzyme  operates  is  disturbed  by  the  inhibitor.  It  might  be 
said  that  the  demonstration  of  inhibition  of  single  enzymes  is  a  necessary 
but  not  sufficient  proof  of  localization. 

A  very  common  problem  arises  when  a  substance  is  found  to  inhibit  an 
enzyme  that  could  well  be  involved  in  the  action  of  the  substance,  but  only 
at  a  concentration  that  is  appreciably  higher  than  that  required  to  produce 
the  action  in  a  living  system.  Since  few  inhibitors  are  accumulated  within 
cells,  the  explanation  proposed  is  usually  that  the  enzyme  is  more  sen- 
sitive in  its  intracellular  state  and  environment,  which  is  more  satisfying 
than  to  admit  the  more  likely  alternative  that  this  enzyme  is  actually  not 
involved  primarily  in  the  inhibition.  Of  course,  the  enzyme  may  be  inhibited 
more  readily  in  the  cell  but  at  least  some  indirect  evidence  must  be  presented 
that  this  is  so  if  the  hypothesis  is  to  be  taken  seriously.  Nevertheless  there 
are  many  instances  where  unwarranted  deductions  as  to  the  site  of  action 
have  been  taken  seriously  with  the  danger  that  they  become  eventually 
incorporated  into  the  structure  of  demonstrable  facts  and  proved  mecha- 
nisms. 
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Use  of  Reconstituted  Enzyme  Systems 

In  those  instances  where  an  organized  multienzyme  complex  can  be 
broken  down  into  its  component  enzyme  units,  these  individual  units  can 
usually  be  tested  directly  for  susceptibility  to  the  inhibitor.  However, 
an  even  more  potent  method  is  available  if  the  single  enzymes  can  be  put 
back  together  in  either  partial  or  total  reconstitution  of  the  original  sys- 
tem. Certain  parts  of  a  linear  sequence  may  be  reformed  and  tested  with  the 
inhibitor  and  occasionally  artificial  or  unnatural  substrates  or  intermediates 
may  be  introduced.  In  this  manner  it  is  usually  reasonably  easy  to  locate 
the  enzyme  attacked,  providing  it  is  a  known  and  isolatable  component. 
This  approach  is  best  illustrated  by  the  recent  work  of  Keilin  and  King 
(1960)  on  the  sites  of  inhibition  of  several  inhibitors  of  the  succinate  oxi- 
dase system.  This  electron  transport  sequence  was  broken  down  into  its 
several  known  enzymes  and  reconstituted  in  different  ways,  and,  in  ad- 
dition, electron  donors  and  acceptors  were  introduced  so  that  it  was  pos- 
sible to  test  almost  every  individual  unit  or  any  partial  sequence. 

Demonstration  of  an  Uncoupling  Site  of  Action 

When  a  substance  is  capable  of  producing  a  disturbance  in  cell  function 
or  synthetic  processes  possibly  attributable  to  an  interference  with  energy 
flow,  and  yet  does  not  exhibit  a  significant  depressant  action  on  the  respi- 
ration in  the  same  concentration  range,  it  is  usual  to  look  for  the  site  of 
inhibition  in  the  reactions  whereby  high-energy  phosphorylations  are 
coupled  with  oxidations.  Substances  that  dissociate  oxidative  phosphory- 
lation have  been  called  uncoupling  agents  or  uncouplers.  Such  inhibitors 
will  be  discussed  in  detail  in  a  later  chapter  but  it  is  appropriate  here  to 
examine  critically  the  evidence  that  may  be  presented  for  an  uncoupling 
site  of  action.  The  problem  would  be  clarified  if  a  rigorous  and  generally 
acceptable  definition  of  uncoupling  existed  but  the  literature  contains  sur- 
prisingly few  exact  or  carefully  considered  definitions  of  this  phenomenon. 
The  best  general  discussion  of  uncoupling  and  the  methods  for  demon- 
strating it  is  perhaps  the  review  by  Brody  (1955).  A  brief  evaluation  of 
the  preparations  used  in  uncoupling  studies  will  illustrate  some  of  the  pro- 
blems in  localization  and  may  help  to  formulate  a  provisional  definition. 

Preparations  of  cells  or  tissues  are  unsatisfactory  for  proving  that  a 
substance  uncouples  oxidative  phosphorylation  because  it  is  impossible 
at  the  present  time  to  determine  accurately  the  rate  of  ATP  formation 
within  the  cell  wdiere  many  metabolic  reactions  involving  ATP  proceed 
simultaneously.*  The  observation  that  a  substance  reduces  the  uptake  of 

*  The  immediate  product  of  high-energy  phosphorylation  will  be  designated  here 
as  ATP  for  simplicity,  since  this  would  appear  to  be  generally  the  most  important 
substance.  Other  nucleotides  or  unknown  acceptors,  however,  may  play  a  role  in  the 
conservation  of  oxidative  energy. 
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P^  (inorganic  phosi^hate)  into  cells  without  a  corresponding  depression  of 
respiration  is,  of  course,  not  evidence  for  uncoupling.  Oxidative  phosphory- 
lation proceeds  normally  without  appreciable  exchange  of  Pj  between  the 
cell  and  the  medium,  so  that  when  the  classic  uncouplers,  such  as  2,4-di- 
nitrophenol,  act  upon  cells  there  is  no  reduction  in  phosphate  uptake  un- 
less growth  is  inhibited.  Furthermore,  in  some  cells  the  uptake  of  P^  is 
regulated  or  metabolically  dependent,  so  that  an  inhibitor  could  depress 
the  inward  movement  of  Pj  by  a  mechanism  unrelated  to  the  processes 
of  oxidative  phosphorylation.  Another  criterion  that  has  been  used  to 
demonstrate  uncoupling  in  cells  is  the  rise  in  P,  and  fall  in  ATP  produced 
by  a  substance.  This  is  certainly  suggestive  of  uncoupling  but  does  not 
establish  it.  The  levels  of  P^  and  ATP  within  a  cell  depend  on  many  reac- 
tions and  not  solely  on  the  rate  of  oxidative  phosphorylation.  An  increased 
utilization  or  enzymic  splitting  of  ATP  may  lead  to  a  new  steady  state  in 
which  the  ATP  is  lower  and  the  P,  higher  than  originally,  if  the  rate  of 
ATP  formation  is  not  adequate  to  maintain  the  level.  Yet  another  criterion 
that  has  been  suggested  for  uncoupling  is  a  stimulation  of  respiration  on 
the  basis  that  the  rate  of  oxidation  is  limited  by  the  phosphorylative  reac- 
tion. However,  the  dependency  of  the  oxidative  rate  on  phosphorylation 
varies  with  the  type  of  cell,  the  state  of  the  cell,  and  the  nature  of  the  oxi- 
dative pathway.  A  very  active  tissue  utilizing  ATP  at  a  high  rate  may  be 
operating  at  maximal  oxidative  capacity  and  no  stimulation  would  result 
from  uncoupling,  whereas  in  resting  cells,  in  which  respiration  is  limited 
by  phosphate  acceptors,  a  stimulation  from  uncoupling  may  be  elicited. 
Uncoupling  agents  also  are  able  to  exert  an  inhibitory  effect  on  electron 
transport  and  this  may  mask  any  stimulating  action  due  to  uncoupling. 
Finally,  an  increase  in  respiration  can  be  brought  about  in  a  variety  of 
ways  unassociated  with  oxidative  phosphorylation.  These  few  conside- 
rations indicate  the  difficulties  that  may  be  experienced  in  attempting  to 
establish  uncoupling  in  living  cells. 

The  conclusive  proof  for  an  uncoupling  site  must  therefore  be  derived 
from  experiments  on  units  isolated  from  cells.  These  units  are  of  some 
complexity  since  as  yet  no  single  enzyme  carrying  out  oxidative  phospho- 
rylation has  been  obtained.  Mitochondria  have  been  most  commonly  used 
but  submitochondrial  particles  obtained  by  various  methods,  such  as  son- 
ic disintegration,  are  available  and  perhaps  preferable.  The  results  are 
usually  expressed  in  terms  of  the  P  :  0  ratio,  which  is  the  number  of  phos- 
phate groups  esterified  for  each  atom  of  oxygen  reduced.  It  is  obvious  that 
if  the  organic  phosphates  formed  are  split  by  phosphatases  or  react  in  any 
way  so  that  P,  is  set  free,  the  experimental  value  of  the  P  :  0  ratio  will 
be  lower  than  the  true  value.  The  phosphate  esterified  is  usually  determined 
from  (a)  disappearance  of  P^  from  the  medium,  (6)  formation  of  ATP, 
(c)  formation  of  glucose-6-phosphate  in  the  presence  of  hexokinase,  or  (d) 
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formation  of  creatine  phosphate  in  the  presence  of  creatine  phosphokinase. 
When  trapping  systems  for  the  esterified  phosphate  are  used,  it  must  be 
remembered  that  an  inhibitor  can  also  act  on  the  transferring  enzymes. 
For  example,  when  the  ATP  formed  in  oxidative  phosphorylation  is  uti- 
lized in  the  formation  of  glucose-6-phosphate  from  glucose,  an  inhibition 
of  the  hexokinase  will  depress  the  formation  of  the  glucose -6-phosphate 
and  the  ATP  synthesized  may  either  accumulate  or  a  greater  fraction  be 
eventually  broken  down  by  ATPase,  the  experimental  P  :  0  ratio  decreas- 
ing. Also,  as  in  cells,  an  activation  of  ATPase  by  the  inhibitor,  either 
directly  or  indirectly,  will  tend  to  reduce  the  experimental  P :  0  ratio.* 
Difficulties  in  interpretation  sometimes  arise  even  in  mitochondrial  stud- 
ies. There  is  the  possibility  of  phosphorylating  and  nonphosphorylating 
pathways  and  a  shift  in  the  relative  activities  of  these.  In  such  a  system, 

V  \^ 
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C 

/ 
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the  experimentally  determined  P  :  0  ratio  will  in  general  not  accurately 
represent  the  phosphorylative  efficiency  of  the  A  ->  B  ^  O2  pathway. 
Furthermore,  any  variation  in  the  oxygen  reduced  by  the  A  ^  C  ->  O2 
or  B  -»  C  ^  0-2  pathways  will  alter  the  P  :  0  ratio.  Thus  the  stimulation 
of  a  nonphosphorylating  pathway  will  lower  the  P  :  0  ratio.  Whether  this 
should  be  termed  uncoupling  or  not  is  sometimes  difficult  to  decide.  When 
the  nonphosphorylating  pathway  is  unrelated  to  the  phosphorylating  path- 
way, i.e.,  with  a  different  substrate  or  involving  different  electron  transport 
systems,  the  eifect  is  not  true  uncoupling  in  that  no  change  in  the  oxidative 
phosphorylation  processes  has  occurred,  but  there  are  instances  where  the 
same  substrate  is  involved  and  it  is  not  certain  if  a  new  transport  pathway 
has  been  opened  up  or  the  old  pathway  uncoupled. 

A  further  difficulty,  which  is  actually  inherent  in  much  work  with  inhi- 
bitors, exists  in  the  demonstration  that  the  uncoupling,  if  it  does  occur, 
is  the  result  of  a  direct  action  of  the  substance  on  oxidative  phosphoryl- 
ation or  whether  it  is  due  to  the  disturbances  created  by  the  substance 
acting  elsewhere.  Mitochondrial  oxidative  phosphorylation  would  appear 

*  If  tlie  ATPase  activated  is  not  a  component  of  the  oxidative  phosphorylation 
pathway,  there  is  httle  justification  for  concluding  that  a  drop  in  the  P  :  O  ratio  is 
indicative  of  uncouphng.  However,  if  the  ATPase  activity  measured  is  an  expression 
of  the  reversal  of  the  phospliorylation  process  and  involves  the  same  enzymic  system, 
the  increase  in  the  ATPase  activity  will  implicate  an  uncoupling  mechanism. 
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to  be  sensitive  to  structural  changes,  for  example,  and  any  agent  that 
induced  disruption  of  the  organized  structure  could  uncouple  secondarily. 
The  relationship  between  mitochondrial  swelling  and  uncoupling  is  still 
obscure  but  in  any  event  swelling  probably  means  an  alteration  of  the  in- 
tramitochondrial  state.  Ionic  changes,  fluctuations  in  pH,  or  the  release 
of  natural  uncoupling  agents  might  mediate  the  effect.  The  use  of  submito- 
chondrial  particles  might  eliminate  these  problems. 

A  generalized  oxidative  phosphorylation  system  may  be  represented  as: 

(11-6) 


A„ 


^X  -  P- 


_  LadpJ 


kY  -  P 


where  A  is  any  substrate  or  coenzyme,  X  represents  all  the  possible  com- 
ponents that  may  be  involved  in  phosphate  transfer  to  ADP,  and  Y  rep- 
resents any  substance  that  is  used  to  trap  the  phosphate  in  the  test  sys- 
tem. Three  basically  different  types  of  uncoupling  mechanism  are  possible. 

(1)  The  uncoupling  agent  is  able  to  accept  the  phosphate  from  X-P,  com- 
peting with  ADP,  but,  being  unstable,  breaks  down  rapidly  so  that  little 
or  no  ATP  is  formed  and  the  P,  concentration  does  not  change  appreciably. 

(2)  The  uncoupling  agent  is  able  to  replace  the  phosphate  so  that  complexes 
such  as  X-I,  ADP-I,  or  Y-I  may  be  formed,  where  I  is  the  inhibitor  or 
uncoupler.  It  may  be  that  one  of  these  complexes  is  unstable  and  the  I 
acceptor  is  regenerated  but  in  either  case  there  is  a  reduction  of  the  phos- 
phorylation. (3)  The  nncoupling  agent  in  some  manner  (without  partici- 
pating in  the  reactions)  prevents  the  transfer  of  Pj  to  ADP,  either  by  allow- 
ing oxidation  to  proceed  without  any  reactions  involving  phosphate,  or 
by  inducing  instability  into  the  X-P  complex,  or  by  inhibiting  the  transfer 
from  X-P  to  ADP.  Because  knowledge  of  the  intimate  details  of  phospho- 
rylative  coupling  is  lacking,  it  is  impossil)le  at  the  present  time  to  loca- 
lize accurately  uncouplers  of  the  third  type.  It  is  often  not  too  easy  to 
distinguish  between  the  third  type  and  the  other  two  mechanisms  unless 
the  abnormal  complexes  have  lifetimes  sufficiently  long  so  that  they  may 
be  demonstrated. 

A  definition  of  uncoupling  agents  may  now  be  projjosed  on  the  basis  of 
these  observations.  An  uncoupling  agent  interferes  directly  in  one  of  the 
reactions  between  oxidation  and  the  formation  of  ATP,  with  the  result  that 
the  obligatory  coupling  is  abolished  and  oxidation  may  proceed  without 
normal  ATP  synthesis.  The  definition  adopted  here  implies  that  the  sub- 
stance acts  in  some  manner  between  A^^^-^A^a-  and  ADP -^  ATP  in 
scheme  11-6.  Substances  that  act  indirectly  upon  these  reactions  or  that 
affect  systems  peripheral  to  the  phosphorylation  process  act  fundamentally 
in  a  different  way  and  should  not  be  classified  as  uncouplers.  Evidence  for 
an  uncoupling  site  of  action  for  a  substance  must  therefore  include  a  dem- 
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onstration  of  a  direct  effect  on  the  coupling  process.  In  addition  to  this, 
if  the  uncoupling  is  to  be  made  the  basis  for  the  effects  observed  on  living 
cells  or  tissues,  evidence  must  be  presented  that  the  action  seen  in  vitro 
actually  occurs  within  the  cell  and  that  it  is  the  primary  action. 

GENERAL  DEVELOPMENT  OF  A  LOCALIZATION   PROGRAM 

Some  of  the  procedures  frequently  useful  in  the  localization  of  the  site 
of  action  of  an  inhibitor  have  been  discussed  and  it  is  now  possible  to  take 
up  the  problem  of  the  over-all  design  of  the  investigation.  Although  it  is 
true  that  each  new  inhibitor  will  usually  present  a  problem  that  is  at  least 
in  some  respects  unique  and  will  require  an  individual  approach,  it  is  pos- 
sible to  formulate  some  principles  of  general  applicability.  The  total  pro- 
gram may  be  divided  for  convenience  into  four  chronological  phases:  (1) 
obtaining  the  preliminary  data,  (2)  planning  the  attack,  (3)  sequential  anal- 
lysis  for  the  inhibition  site,  and  (4)  correlation  of  the  action  at  this  site 
with  the  original  effects  observed. 

The  Initial   Phase 

A  substance  has  been  found  to  have  an  action  on  living  tissue,  either 
isolated  or  in  the  whole  organism,  that  is  indicative  of  an  interference  with 
metabolism.  There  are  certain  things  it  is  often  useful  to  do  before  starting 
or  even  planning  a  more  detailed  analysis  of  the  site  of  action.  Easily  ob- 
tained results  at  this  stage  will  often  save  considerable  time  later.  It  is 
suggested  that  two  basic  types  of  data  be  obtained  initially. 

(1)  A  dose  or  concentration  relationship  should  be  established,  preferably 
over  the  entire  range  of  action  of  the  substance.  This  will  not  only  provide 
information  on  the  concentrations  to  be  used  in  the  later  work  and  a  basis 
for  comparison  of  the  in  vitro  and  in  vivo  results,  but  occasionally  will 
bring  out  features  of  the  action  that  will  aid  in  the  localization. 

A  simple  example  of  this  may  be  cited.  It  w^as  observed  originally  that 
low  concentrations  (0.01-0.03  mM)  of  1,10-phenanthroline  blocked  almost 
completely  the  oxidation  of  pyruvate  and  a-ketoglutarate  by  heart  mito- 
chondria, but  during  the  process  of  obtaining  a  concentration-inhibition 
curve  it  was  found  that  higher  concentrations  (0.1-0.3  mM)  did  not  inhibit 
as  strongly,  and  actually  stimulated  the  oxygen  uptake  in  some  instances 
(Yang  et  al,  1958).  This  unexpected  result  pointed  to  certain  characteristics 
of  the  inhibition  and  later  suggested  experiments  that  led  to  the  demonstra- 
tion of  an  uncoupling  action  on  the  phosphorylation  associated  with  the 
oxidation  of  DPNH.  However,  the  basic  reason  for  the  reversal  of  inhibi- 
tion has  not  been  elucidated  and  any  postulated  mechanism  in  the  future 
must  be  able  to  explain  this  reversal. 
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(2)  The  time  relationships  of  the  inhibition  should  be  investigated  and 
this  includes  both  the  rate  at  which  the  inhibition  is  developed  and  the 
degree  of  reversibility  of  the  inhibition.  A  delayed  onset  of  inhibition  is 
sometimes  indicative  of  the  metabolism  of  the  substance  to  an  active  in- 
hibitor or  of  a  lethal  synthesis.  The  failure  of  the  inhibition  to  be  reversed 
readily  when  the  substance  is  removed  is  also  suggestive  of  mechanisms  that 
may  facilitate  the  localization  of  the  site  of  action. 

Planning  the  Program  of  Localization 

It  is  now  of  the  utmost  importance  to  map  out  a  plan  of  attack.  One 
must  do  this  on  the  basis  of  the  data  already  obtained,  the  nature  of  the 
inhibitory  action,  the  system  that  has  been  found  to  be  affected,  and  a 
consideration  of  the  properties  of  the  inhibitor  itself.  It  is  well  to  gather 
together  all  of  the  pertinent  information  on  the  physical  and  chemical 
characteristics  of  the  inhibitor.  Such  properties  as  solubilities,  p^^'s,  sta- 
bility, possible  isomerism,  complexing  abilities,  chemical  reactivity,  and 
special  structural  aspects  can  be  crucial  ])oints  in  either  planning  or  in- 
terpreting the  work.  Of  course,  the  relationship  of  the  compound,  struc- 
turally or  in  other  ways,  to  naturally  occurring  substance^  or  other  inhi- 
bitors whose  actions  are  known  will  often  suggest  sites  of  action.  In  other 
words,  an  attack  can  be  made  much  more  efficient  and  productive  when 
all  the  available  data  are  at  hand  to  guide  it. 

Before  outlining  the  initial  phases  of  the  localization,  it  is  necessary 
to  consider  all  the  conceivable  mechanisms  by  which  the  inhibitor  could 
act  to  produce  the  effect  observed,  in  order  that  the  plan  will  better  enable 
critical  experiments  to  be  performed.  An  ideal  plan,  perhaps,  can  be  con- 
structed much  like  a  flowsheet  or  botanical  classification  key,  in  that  the 
results  of  each  test  should  indicate  the  nature  of  the  subsequent  experi- 
ment, and  so  on  as  the  localization  progresses.  For  example,  it  is  usually 
advisable  to  begin  with  a  localization  to  the  major  pathways  of  metabolism. 
If  an  inhibitor  is  found  to  depress  bioluminescence,  it  might  act  on  either 
the  energy-forming  systems  or  the  energy-utilizing  systems;  the  first  step 
would  be  to  determine  which  of  these  is  susceptible.  If  an  inhibitor  reduces 
respiration  with  glucose  as  a  substrate,  it  should  be  determined  whether 
the  action  is  primarily  on  the  glycolytic  pathways  or  on  the  tricarboxylic 
acid  cycle.  The  general  procedure  is  to  go  from  the  major  metabolic  systems 
progressively  to  smaller  and  smaller  segments  until  the  ultimate  site  is 
reached.  Of  course,  if  the  initial  action  observed  is  on  a  tissue  function  or 
in  a  whole  animal,  the  first  step  should  be  a  pharmacological  analysis  of 
the  site  of  action  before  the  biochemical  site  is  sought. 
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The  Sequence  of  Experimental  Localization 

It  is  impossible  to  present  any  general  procedure  to  follow  in  all  cases 
because  the  situations  presented  by  various  inhibitors  will  often  have 
little  in  common.  Some  frequently  occurring  situations  will  be  discussed 
briefly  to  em^jhasize  the  necessity  for  a  more  complete  analysis  than  is 
usually  found  in  the  literature.  This  approach  is  particularly  to  be  contras- 
ted to  the  common  type  of  report  wherein  a  single  positive  result  with  an 
inhibitor  is  used  as  the  basis  for  a  designation  of  the  site  of  action.  An 
inhibitor  that  has  been  found  to  depress  respiration  is  immediately  tested 
on  the  tricarboxylic  acid  cycle  and  if  inhibition  is  found,  whatever  the  de- 
gree, the  cycle  is  stated  to  be  the  site  of  action;  such  inferences  are  invalid 
in  general  and  tenuous  under  the  most  favorable  circumstances.  A  few 
comments  will  now  be  made  on  the  suggested  approach  as  applied  to  the 
localization  of  inhibitors  depressing  respiration  or  cell  growth. 

A  depression  of  respiration  by  a  substance  may  be  observed  initially  in 
a  variety  of  ways.  Let  us  assume,  for  generality,  that  a  substance  has  been 
found  to  reduce  the  respiration  of  an  intact  organ  as  measured  by  changes 
in  the  arteriovenous  oxygen  difference,  that  a  dosage  or  concentration 
curve  has  been  obtained,  that  the  inhibition  has  been  shown  to  be  readily 
reversible,  and  that  the  nature  of  the  inhibitor  gives  no  clue  as  to  its  site 
of  action.  What  are  some  of  the  j)ossible  mechanisms  by  which  this 
respiratory  depression  could  be  brought  about? 

I.  Inhibition  of  some  step  in  electron  transport  that  is  common  to  most 
oxidation  systems  (such  as  one  of  the  cytochromes). 

II.  Inhibition  of  an  enzyme  in  the  tricarboxylic  acid  cycle  (such  as 
isocitric  dehydrogenase  or  aconitase)  or  of  an  enzyme  introducing  a  sub- 
stance into  the  cycle  (such  as  the  condensing  enzyme  or  pyruvate  oxidase). 

III.  Inhibition  of  a  i)athway  leading  to  the  tricarboxylic  acid  cycle 
(such  as  glycolysis  if  glucose  or  glycogen  are  the  principal  substrates  or 
the  fatty  acid  breakdown  helix  if  fatty  acids  are  important  substrates). 

IV.  Decrease  in  permeability  or  the  activity  of  a  transport  system  for 
an   exogenous  substrate. 

V.  Primary  depression  of  functional  activity  of  the  tissue  leading  to 
reduction  of  the  respiration. 

Although  the  major  possibilities  listed  are  few,  a  survey  of  the  commonly 
used  inhibitors  that  depress  respiration  will  show  that  almost  all  act  in 
one  of  these  ways.  It  is  unnecessary  initially  to  worry  about  more  esoteric 
mechanisms. 
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Perhaps  the  first  preparation  to  test  is  a  mitochondrial  susijension  from 
the  tissue  using  pyruvate  as  the  substrate  with  priming  amounts  of  malate 
or  oxalacetate.  If  no  inhibition  occurs  within  the  proper  concentration  range 
of  the  inhibitor,  actions  on  pyruvate  oxidase,  on  the  cycle  enzymes,  or  on 
electron  transport  are  eliminated,  and  other  major  systems  must  be  tested. 
If  inhibition  is  found,  the  same  preparation  may  be  tested  with  malate  or 
oxalacetate  in  equimolar  concentrations  with  the  pyruvate,  so  that  now 
the  incorporation  of  pyruvate  into  the  cycle  is  not  dependent  on  the  com- 
plete operation  of  the  cycle.  The  degree  of  inhibition  will  be  indicative  of 
the  site  in  the  cycle  where  a  block  is  produced;  e.  g.,  if  pyruvate  oxidase  is 
the  susceptible  enzyme,  the  inhibition  will  be  marked  whereas  if  a-keto- 
glutarate  oxidase  is  the  site  of  action,  the  inhibition  will  be  minimal  or  even 
absent,  at  least  during  the  early  period  of  measurement.  The  inhibitor  is 
then  tested  with  various  of  the  cycle  intermediates  as  substrates.  It  is 
usually  possible  to  determine  the  blocked  site  in  the  cycle  quite  easily  and 
the  localization  can  then  proceed  to  the  electron  transport  system,  if  an 
oxidation  step  is  involved,  or  otherwise  to  the  isolated  susceptible  enzyme. 
If  the  inhibition  is  upon  the  oxidation  of  only  one  substrate  or  intermediate, 
it  is  evident  that  those  components  of  the  electron  transport  sequence 
that  are  common  to  all  the  oxidation  systems  are  not  affected.  A  compari- 
son of  the  actions  of  the  inhibitor  on  succinoxidase  and  the  other  oxidation 
systems  is  often  profitable.  If  succinate  oxidation  is  preferentially  inhibited, 
this  restricts  the  site  of  action  and  may  aid  considerably  in  the  localization 
because  the  succinoxidase  can  be  isolated  in  a  reasonably  satisfactory  form 
whereas  the  other  systems  must  be  tested  in  mitochondria  or  reconstructed. 
It  is  at  this  point  that  the  use  of  various  electron  donors  and  acceptors,  or 
of  difference  si^ectroscopy  if  available,  is  helpful. 

When  a  significant  inhibition  of  glycolysis  is  observed,  the  subsequent 
localization  may  proceed  somewhat  differently  according  to  the  tissue  in- 
volved or  the  techniques  available.  The  simplest  approach  is  generally  to 
add  the  various  glycolytic  intermediates  and  determine  at  what  point  along 
the  sequence  the  pathway  is  blocked  by  the  inhibitor.  Accumulation 
of  intermediates  during  inhibition  may  be  tested  also  or  the  individual 
glycolytic  enzymes,  if  they  are  readily  available,  can  be  tested  directly. 

The  situation  that  arises  when  no  inhibition  can  be  demonstrated  on  the 
major  oxidation  pathways  calls  for  a  consideration  of  the  last  two  mecha- 
nisms listed  (IV  and  V).  Localization  to  a  block  in  the  membrane  reducing 
the  entrance  of  an  important  substrate  is  difficult  to  establish  unless  the 
intracellular  concentration  of  that  substrate  can  be  determined.  For  this 
purpose,  it  may  be  possible  to  block  the  metabolism  of  the  substrate  with 
another  inhibitor  so  that  significant  concentrations  within  the  cell  can  oc- 
cur. The  last  mechanism  (V)  also  presents  difficulties  for  the  positive  proof 
of  its  occurrence.  If  satisfactory  inhibition  can  be  shown  on  some  system 
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involved  in  respiration,  the  possibility  of  a  direct  functional  effect  is  usually 
ignored,  but  when  no  adequate  inhibition  has  been  found  on  any  respira- 
tory pathway  or  transport  of  substrate  into  the  cell,  one  is  left  with  at 
least  two  iDOSsibilities  —  an  action  through  functional  depression  or  an  ac- 
tion on  some  metabolic  system  not  yet  tested.  This  can  be  resolved  only 
by  finding  an  inhibition  on  some  system  and  hence  every  effort  must  be 
expended  in  testing  all  possible  systems  that  may  be  contributing  significant- 
ly to  respiration.  Occasionally  some  investigation  of  the  tissue's  particu- 
lar patterns  of  respiratory  metabolism  must  be  made  to  determine  the  major 
contributing  pathways.  In  rare  instances  it  is  possible  to  "isolate"  the  func- 
tional system  and  test  it  directly.  Examination  of  glycerinated  muscle 
fibers  may  demonstrate  an  action  on  the  contractile  elements  unassociated 
with  oxidative  reactions.  A  good  example  of  this  problem  arose  in  the 
study  of  the  effects  of  drugs  and  inhibitors  on  the  respiration  of  electrically 
stimulated  brain  slices  (Mcllwain,  1959).  The  respiratory  depression  pro- 
duced by  inhibitors  such  as  cyanide,  iodoacetate,  malonate,  or  fluoride 
(Heald,  1953)  could  arise  either  from  a  general  inhibition  of  respiratory 
pathways  or  from  a  more  specific  effect  on  ionic  distributions  and  movements 
across  the  cell  membranes  so  that  the  tissue  becomes  incapable  of  respond- 
ing to  the  electrical  impulses.  A  functional  depression  with  a  secondary 
effect  on  metabolism  can  occur  more  readily  in  intact  tissues  than  in  slices 
because  conduction  of  activating  impulses  could  conceivably  be  blocked 
more  easily  than  the  over-all  metabolism  of  the  tissues. 

A  depression  of  cellular  growth  can  result  from  a  great  variety  of  inhi- 
bitory mechanisms  inasmuch  as  in  growing  cells  a  major  portion  of  the  me- 
tabolism and  most  of  the  metabolic  pathways  are  involved  in  the  formation 
of  new  cell  material.  Some  of  the  most  likely  mechanisms  may  be  listed. 

I.  Inhibition  of  the  energy-generating  systems  responsible  for  the  major 
fraction  of  the  respiration  (as  discussed  above). 

II.  Inhibition  of  the  synthesis  of  some  coenzyme  or  growth  factor. 

III.  Inhibition  of  some  step  in  protein  or  nucleic  acid  synthesis. 

IV.  Incorporation  as  an  abnormal  analog  into  a  synthetic  pathway  result- 
ing in  a  metabolic  block  if  one  of  the  abnormal  substances  formed  cannot 
undergo  further  metabolism  or  is  unable  to  function  as  its  normal  analog. 

V.  Inhibition  of  the  uptake  of  precursors  for  synthetic  processes  (such 
as  amino  acids  for  the  formation  of  protein). 

VI.  Direct  disturbance  of  the  mitotic  sequence  (such  as  inhibition  of 
spindle  formation  or  of  the  protoplasmic  movements  associated  with 
cleavage). 
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If  there  is  no  marked  inhibition  of  respiration  at  concentrations  decreas- 
ing growth,  an  uncoupling  of  phosphorylations  should  be  tested  first  be- 
cause it  is  relatively  easy  to  do  compared  to  an  examination  of  synthetic 
and  mitotic  processes.  If  uncoui^ling  is  found  not  to  be  the  mechanism,  it 
would  be  advisable  to  obtain  all  the  cytological  information  possible  on  the 
nature  of  the  inhibited  cells  in  order  to  note  any  unique  characteristics  not 
observable  when  the  cells  are  depressed  by  respiratory  inhibitors,  anoxia, 
or  lack  of  substrate. 

Analyses  for  the  total  protein  or  nucleic  acid  synthesized  by  the  cells 
are  seldom  very  informative  because  growth  inhibition  from  whatever 
cause  implies  a  depression  of  these  basic  cell  components.  Possibly  the 
most  helpful  technique  is  the  use  of  labeled  compounds  to  determine  the 
nature  of  the  derangements  in  synthesis  if  they  occur.  The  incorporation 
rates  of  various  amino  acids  into  the  cell  protein  or  of  nucleotide  precursors 
into  nucleic  acids  can  be  easily  determined,  and  by  chromatographic  sep- 
aration the  accumulation  of  intermediates  may  be  detected.  If  the  struc- 
ture of  the  inhibitor  is  such  that  it  might  be  participating  as  an  abnormal 
analog,  the  inhibitor  itself  can  often  be  labeled  and  its  metabolic  course 
within  the  cell  traced.  Inasmuch  as  many  steps  of  the  synthetic  pathways 
are  unknown  at  present,  localization  is  seldom  easy  and,  indeed,  many  of 
the  important  growth  inhibitors  act  by  mechanisms  remaining  to  be  discov- 
ered, despite  a  large  amount  of  investigation  to  elucidate  the  susceptible 
sites. 

Correlation  between  the  Site  of  Inhibition  and  the  Effects  on  Living  Tissue 

When  a  single  site  of  action  has  been  found,  it  is  now  necessary  to  show 
that  inhibition  at  this  locus  is  responsible  for  the  initial  observations.  The 
types  of  evidence  for  establishing  such  a  positive  correlation  have  been 
discussed  (page  471).  However,  it  is  rare  when  an  inhibitor  is  specific  in 
its  action  and  blocks  at  only  one  site,  and  therefore  one  must  expect  in 
the  course  of  the  localization  to  find  inhibitions  of  varying  degrees  on  dif- 
ferent pathways  or  enzymes.  There  may  not  be  just  one  site  or  mechanism 
reponsible  for  the  depression  of  complex  processes  such  as  resi^iration,  but 
several  actions  contributing  to  various  extents.  When  one  ends  up  with 
data  showing  three  sensitive  enzymes  with  50%  inhibition  obtained  on 
enzyme  A  at  0.25  mM  inhibitor,  on  enzyme  B  at  0.78  mM  inhibitor,  and 
on  enzyme  C  at  1.2  mM  inhibitor,  the  question  arises  as  to  the  relative 
contributions  each  of  these  inhibitions  makes  to  the  over-all  effect  in  the 
complete  system.  From  the  in  vitro  results  alone  it  would  be  rash  to  assign 
contributions  at  any  inhibitor  concentration  because  the  enzymes  may  be 
either  more  or  less  sensitive  within  the  cell.  If  during  the  localization  the 
data  have  not  already  been  obtained,  one  should  investigate  in  the  whole 
system  the  effects  of  the  inhibitor  on  intermediate  and  product  concentra- 
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tions,  using  tracer  and  chromatographic  techniques,  so  that  the  demonstra- 
tion of  an  in  vivo  block  at  the  sites  indicated  can  be  made.  The  primary 
sites  of  action  of  even  some  of  the  longest  known  and  most  commonly 
used  enzyme  inhibitors  when  acting  on  living  tissue  are  uncertain  because 
adequate  analysis  of  their  actions  has  never  been  made. 

It  is  believed  that  the  planning  of  a  rather  rigorous  program  for  local- 
ization is  advisable  but  in  all  problems  involving  metabolism  or  living  ma- 
terial there  frequently  arise  unforeseen  difficulties  that  block  the  way  to 
the  final  solution.  At  the  present  time,  in  any  event,  a  foolproof  key  for  the 
localization  of  an  inhibitor's  action  cannot  be  presented;  if  this  were  pos- 
sible, the  problem  would  lose  some  of  its  interest  because  we  would  be  de- 
prived of  the  excitement  of  probing  into  unknown  and  complex  systems. 
Indeed,  if  the  situation  were  as  simple  as  all  that,  technicians  could  be  relied 
upon  to  undertake  and  solve  such  problems.  Therefore,  a  final  word  should 
be  said  for  those  all-important  abilities  of  a  scientist,  abilities  that  transcend 
all  keys  or  formalized  systems  —  the  ability  to  choose  the  right  experiments 
and  the  ability  to  observe  accurately  and  with  insight.  These  abilities  might 
be  attributed  in  part  to  intuition,  which  is  perhaps  the  inner  and  uncon- 
scious organization  of  knowledge  and  experience  in  a  field,  and  is  allied  to 
the  ability  of  some  physicians  to  diagnose  correctly  from  the  same  infor- 
mation that  leaves  others  puzzled,  often  by  mental  processes  that  they 
themselves  cannot  explain.  The  ability  to  observe  extends  not  only  to  the 
actual  experiments  but  to  data  and  the  representations  of  data.  In  the 
course  of  the  localization  of  an  inhibition  site,  it  is  quite  likely  that  unexpect- 
ed results  will  appear  at  times.  These  must  be  recognized  and  put  on  an 
equal  status  with  the  data  for  which  the  studies  were  made.  It  is  frequently 
the  accidental  observation  that  eventually  leads  to  the  solution.  The  an- 
swer mav  not  lie  in  what  one  seeks  but  in  what  one  finds. 


CHAPTER  12 

RATES  OF  INHIBITION 


The  various  formulations  of  inhibition  presented  in  the  previous  chap- 
ters generally  represent  or  describe  systems  after  equilibrium  has  been 
reached  with  respect  to  the  inhibitor.  In  other  words,  it  has  been  assumed 
that  the  reaction  of  an  inhibitor  with  an  enzyme  has  proceeded  until  the 
maximum  inhibition  under  the  conditions  has  been  achieved.  The  most 
important  constant  characterizing  such  equilibrium  states  is  the  inhibitor 
dissociation  constant,  K^,  which  expresses  the  affinity  of  the  enzyme  for 
the  inhibitor.  However,  from  the  value  of  X^  it  is  impossible  to  deduce  the 
rate  at  which  the  inhibition  will  occur.  Some  inhibitors  react  so  rapidly 
with  enzymes  that  equilibrium  is  reached  in  times  too  brief  to  measure 
with  the  usual  techniques,  while  other  inhibitors  may  act  very  slowly 
and  a  steady  inhibition  will  be  reached  only  after  several  hours,  or  actually 
never  reached  because  of  secondary  factors  that  reduce  or  extend  the  in- 
hibition. The  time  course  of  the  development  of  inhibition  is  often  as  im- 
portant a  characteristic  as  the  final  state  reached  in  studies  on  either  iso- 
lated enzymes  or  living  organisms. 

The  rates  at  which  inhibitors  act  may  be  of  significance  in  a  variety 
of  ways  when  complex  metabolic  systems  are  investigated.  If  an  inhibitor 
acts  on  two  or  more  enzymes  but  the  rate  of  reaction  with  one  of  these  en- 
zymes is  much  faster  than  with  the  others,  some  degree  of  specificity  in 
the  inhibition  may  be  observed  over  a  period  of  time.  It  is  also  possible 
that  the  effects  on  a  tissue  will  be  different  when  an  enzyme  is  inhibited 
rapidly  or  slowly.  In  the  latter  case,  for  example,  the  tissue  has  greater  op- 
portunity to  adapt  to  the  inhibition  as  it  progresses.  When  the  response 
of  some  cell  function  is  being  measured,  the  rate  at  which  this  occurs  in 
the  presence  of  an  inhibitor  depends  not  only  on  the  events  that  transpire 
between  the  site  of  inhibition  and  the  functional  process  but  also  on  the 
rate  of  enzyme  inhibition.  If  one  is  concerned  with  the  kinetics  of  functional 
disturbance,  data  on  the  rates  of  the  primary  inhibition  should  be  obtained 
if  possible,  instead  of  assuming,  as  has  been  done  in  some  cases,  that  the 
primary  inhibition  is  practically  instantaneous  and  the  delay  in  depression 
of  function  is  entirely  due  to  factors  frequently  designated  as  "biological 
lag."  With  regard  to  studies  on  isolated  enzymes,  it  is  only  by  quantitative 
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rate  determinations  of  inhibition  that  certain  kinetic  data  bearing  on  the 
nature  of  the  reaction  of  the  inhibitor  molecule  with  the  enzyme  surface 
can  be  obtained.  Thus  the  activation  energy  of  the  inhibition,  which  may 
be  derived  from  the  variation  of  the  rate  constant  with  temperature,  can 
provide  some  information  on  the  course  of  the  reaction,  or  the  approach 
of  the  inhibitor  to  the  active  site,  and  the  alteration  of  the  activation  energy 
upon  changing  the  experimental  conditions  (such  as  pH  or  ionic  strength) 
may  indicate  the  physical  nature  of  the  energy  barriers  that  must  be  cross- 
ed. The  number  of  quantitative  studies  on  inhibition  rates  is,  however, 
regrettably  small  and  the  more  recent  techniques  for  the  rapid  recording 
of  enzyme  reactions  have  not  been  applied  as  yet  to  this  problem. 

The  rate  of  inhibition  will  be  designated  by  dijdt,  the  change  in  the 
fractional  inhibition  with  time.  This  is  usually  not  constant  throughout  an 
experimental  period  and  therefore  when  comparing  two  or  more  inhibitors 
or  comparing  the  rates  of  action  of  a  single  inhibitor  under  a  variety  of  con- 
ditions, a  rate  constant  should  be  calculated  if  possible,  this  constant 
being  of  such  a  nature  that  it  relates  the  inhibition  rate  with  the  concen- 
trations of  reactants,  e.g.,  dildt  =  A-(E)(S)(I)....  The  two  constants,  k  and 
K^,  the  latter  characterizing  the  final  equilibrium  state  and  the  former 
the  rate  at  which  this  is  reached,  are  fundamental  arid  adequately  describe 
the  quantitative  aspects  of  an  enzyme  inhibition. 

GENERAL  WAYS  OF  EXPRESSING  THE  RATE  OF  INHIBITION 

The  time  course  of  inhibition  in  any  system  may  be  expressed  either 
graphically  or  by  equations.  The  three  commonest  ways  of  plotting  are 
shown  in  Fig.  12-1.  Despite  the  preference  of  many  investigators  for  plots 
of  type  A,  these  may  be  considered  the  least  satisfactory  because  it  is  very 
difficult  by  inspection  of  such  curves  to  visualize  the  actual  inhibition  at 
any  time  (since  this  would  involve  a  comparison  of  the  slopes  of  the  curves 
at  a  chosen  time)  and  more  difficult  to  trace  the  time  course  of  the  inhi- 
bition.* The  belief  that  it  is  better  to  plot  directly  obtained  data  rather 
than  derived  data  has  no  sound  basis  unless  there  is  a  specific  reason  for 
indicating  the  absolute  rates.  Plots  of  types  B  and  C  are  both  satisfactory 

*  In  a  study  of  the  rates  at  which  iodoaeetate  inhibited  respiration  of  brain  tissue, 
Fuhrman  and  Field  (194.3)  presented  curves  showing  the  cumulative  oxygen  uptake 
against  time  and  stated  that  this  type  of  plotting  has  "the  further  advantage  of  pre- 
senting original  rather  than  derived  data"  compared  to  plotting  inhibition  against 
time.  Additional  advantages  are  evident:  (1)  there  is  no  necessity  to  waste  time  cal- 
culating the  results,  which  can  be  left  to  others  to  do,  and  (2)  the  data  plotted  by  this 
method  usually  look  better,  especially  if  the  results  have  not  been  obtained  very 
accurately,  and  hence  fewer  experiments  (sometimes  only  one)  need  be  performed 
to  give  the  impression  that  the  results  are  quantitatively  reliable. 
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but  type  C  is  probably  generally  preferable,  especially  when  the  uninhibited 
control  rate  varies  during  the  experimental  period.  In  studies  that  are 
directed  towards  inhibition,  it  would  seem  to  be  best  to  show  directly 
the  variation  of  the  inhibition  with  time,  and  yet  this  method  of  plotting 
is  actually  seldom  used.  Of  course,  there  are  no  invariable  rules  and  the 
plotting  technique  must  always  be  adapted  to  the  nature  of  the  inhibition 
and   the   particular   objectives   in   the   investigation. 


TYPE   A 


TIME- 


RATE 


TYPE   B 


TIME- 


TYPE   C 


TIME— ► 

Fig.   12-1.  The  usual  ways  of  representing 
the  changes  of  inhibition  with  time. 


Inhibition  of  a  pure  enzyme  can  often  be  treated  on  the  basis  of  an 
assumed  mechanism  and  equations  derived  by  which  the  data  can  be  in- 
terpreted and  from  which  physically  significant  constants  can  be  calculated. 
However,  in  complex  systems,  such  a  procedure  is  usually  impossible  and 
more  general  methods  of  mathematically  expressing  the  inhibition  rate 
must  be  used.  The  object  in  such  cases  is  to  find  an  equation  that  will  ade- 
quately represent  the  data  and  which  contains  a  constant  or  constants 
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that  may  be  used  to  characterize  the  rate  at  which  the  inhibition  develops. 
It  is  commonly  found  that  the  rate  of  the  enzymic  or  metabolic  reaction 
measured  falls  exponentially  in  the  presence  of  the  inhibitor,  in  which  case 
the  variation  of  the  rate  with  time  would  be  given  by  a  curve  as  in  Fig.  12-2 
and  expressed  by  an  equation  of  the  type: 


Vi  =  Vf  +  {Vo  -  Vf)e- 


(12-1) 


Fig.   12-2.   Exponential  development  of  inhibition  from  the  initial  uninhibited  rate, 

v^,  to  the  final  equilibrium  rate  in  the  presence  of  the  inhibitor,  Vf  (Eq.  12-1),  r^  —  100, 

Vf  =  30,  and  a  =  0.1   min^^. 


where  v^  is  the  initial  uninhibited  rate,  Vj  the  final  equilibrium  rate,  v^ 
the  rate  at  any  particular  time,  and  a  is  a  constant.  Transposing  and  taking 
the  logarithm  of  each  side  of  the  equation,  it  is  found  that: 


log{r, 


log(ro 


2.3 


(12-2) 


so  that  a  plot  of  log  {i\  —  v^)  against  t  will  give  a  straight  line  with  a  slope 
of  —  a/2.3  as  in  Fig.  12-3.  The  exponential  nature  of  the  inhibition  must. 
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in  fact,  be  demonstrated  initially  by  the  linearity  of  such  a  plot.  Equation 
12-1  mav  be  rewritten  in  terms  of  the  inhibition  as: 


i  =  if(l  -  e-°') 


(12-3) 


where   ij  is  the   final   level  of  inhibition  achieved.    Since: 


log(/;-  -  0  =  log  if  -  ^^  t 


;i2-4) 


TIME 


Fig.   12-3.  Logarithmic  plot  of  the  inhibition  shown  in  Fig.   12-2 
(Eq.   12-4). 


a  plot  of  log(i^  —  i)  against  t  can  also  be  used  to  determine  a,  but  has  no 
advantage  over  the  direct  plotting  of  the  rates.  The  initial  rate  of  inhibi- 
tion may  be  of  significance  experimentally  when  it  is  convenient  to  take 
readings  over  a  short  period  after  the  inhibitor  is  added  and  it  is  possible 
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to  derive  an  expression  for  the  initial  rate  by  differentiating  Eq.  12-3  and 
setting  ^  =  0,  from  which  it  is  found  that: 

(dildt)o  =  aif  (12-5) 

It  is  worthwhile  noting  that  the  initial  rate  of  inhibition  is  directly  pro- 
portional to  the  final  equilibrium  inhibition  reached.  Once  the  total  course 
of  the  inhibition  is  established,  it  is  thus  possible  to  obtain  useful  data 
from  readings  taken  for  a  short  period  after  addition  of  the  inhibitor.  In- 
deed, the  early  portion  of  the  curve  is  often  more  accurate  to  use  inasmuch 
as  secondary  effects  occasionally  distort  the  course  of  the  inhibition  later. 

An  approach  such  as  this  was  applied  to  the  inhibitions  of  respiration 
and  glycolysis  in  mammaliam  tissues  by  HgCla  and  other  heavy  metal 
salts  in  the  early  work  of  Jowett  and  Brooks  (1928).  They  used  the  equa- 
tion Vj  =  ^06"°'  and  determined  the  values  of  a  for  the  various  inhibitions. 
However,  it  should  be  pointed  out  that  this  equation  implies  that  complete 
inhibition  is  eventually  reached,  so  that  Eq.  12-1  is  generally  preferable. 

No  certain  physical  meaning  can  be  attached  to  the  constant  a  in  com- 
plex systems  in  which  the  factors  governing  the  rate  of  inhibition  are  un- 
known, unless  it  can  be  proved  that  the  over-all  rate  measured  is  propor- 
tional to  the  activity  of  the  enzyme  upon  which  the  inhibitor  acts,  in 
which  case  a  may  be  related  to  the  true  rate  constants  for  the  association 
and  dissociation  of  the  enzyme-inhibitor  complex  as  described  in  the 
following  section. 

If  the  course  of  the  inhibition  is  neither  logarithmic  nor  linear  with 
time,  and  the  data  cannot  be  easily  represented  by  any  equation,  it  is 
necessary  to  inquire  into  the  best  way  of  presenting  the  kinetics.  The  time 
required  to  reach  a  certain  chosen  degree  of  inhibition,  e.g.  50%,  is  often 
given  but  this  is  not  entirely  satisfactory  when  comparisons  are  to  be  made 
between  inhibitors.  It  is  generally  true  that  the  early  rate  of  inhibition 
will  bear  some  relationship  to  the  final  inhibition  (as  shown  above  for  the 
exponential  variation)  and  thus  it  is  important  if  two  inhibitors  are  to  be 
compared  with  respect  to  the  rate  of  action,  that  the  concentrations  of 
each  are  chosen  so  that  the  final  inhibitions  produced  will  be  approximately 
equal.  This  may  be  illustrated  in  Fig.  12-4  showing  the  experimental 
curves  for  two  inhibitors  acting  on  the  same  system.  One  might  be  tempted 
to  say  that  inhibitor  1  acts  more  rapidly  than  inhibitor  2  because  dildt 
is  obviously  greater  for  the  former  and  the  time  required  to  reach  50% 
inhibition  is  also  shorter.  This  statement  would  be  true  if  one  were  compar- 
ing the  inhibitors  at  concentrations  that  gave  quite  different  final  inhibitions 
but  this  is  a  dangerous  procedure.  Actually  it  is  seen  that  inhibitor  2  pro- 
duces half  of  its  final  inhibition  in  a  shorter  time  than  does  inhibitor  1 
and  for  this  reason  might  be  considered  to  be  the  more  rapidly  acting.  This 
can  also  be  expressed  mathematically  for  the  case  in  which  the  inhibition 
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varies   exponentially.    The   time   required   to   produce   50%    inhil)ition   is 
given  bv: 


to. 


2.3 


0.5 

if 


(12-(3) 


whereas  the  time  required  to  produce  an  inliibition  half  that  of  the  final 
iidiibition  would  be  given  by: 


^0.5,    =  0.69/a 


(12-7) 


10  - 


- 

Inhibitor  —1 

— 

/     1 

Inhibitor—  2 

7 

/       1, 

Fig.   12-4.  Hypothetical  inhibition  curves  for  two  inhibi- 
tors  to   ilhistrate   the    problems    involved    in    comparing 
rates  of  inhibition. 

In  the  former  case.  ^0.5  depends  on  the  final  inhibition  i^  but  in  the  latter 
case  it  does  not  and  hence  Eq.  12-7  is  a  valid  expression  of  the  inhibition 
rate  whatever  the  eventual  inhibition  or  the  concentration  of  the  inhibitor. 
It  is  therefore  suggested  that  it  would  be  generally  preferable  to  give  the 
values  of  ^0.5,    rather  than  ^q.s- 

RATES   OF   INHIBITION    OF   PURE    ENZYMES 

The  kinetic  treatment  of  inhibition  rates  will  vary  with  the  type  of 
inhibition.  It  will  be  convenient  to  start  with  the  simplest  situation  in 
which  a  single  inhibitor  molecule  combines  with  each  enzyme  molecule  to 
inhibit  noncompetitively.  This  reaction  may  be  represented  as: 


E  +  I;^EI 


(12-8) 
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The  rate  of  formation  of  the  EI  complex  will  be  given  by: 

^^  =  A:i(E)(I)  -  k_,m)  =  U(^t)  -  (EI)]  -  A-_,(EI)  (12-9) 

and  since  i  =  (EI)/(E^)   and  K^  =  k_-^jk{. 

di 

—-  =  kAD  -  ik,[(l)  +  A-,]  (12-10) 

at 

which  upon  integration  leads  to  an  expression  showing  the  variation  of 
the  inhibition  with  time: 

^  ^  —{1  -  e-«=i'[(i)  +  s,i}  (12-11) 


(I)  +  A^ 
i  =  i^|l  _  e-J:i([(i)  +  £,]}  (12-12) 

Thus  when  t  =  0,  the  inhibition  is  zero,  but  the  inhibition  increases  with 
time  until  it  reaches  the  final  equilibrium  value,  if.  The  rate  of  inhibition 
at  any  time  may  be  found  by  substituting  from  Eq.  12-11  into  Eq.  12-10) 

di/dt  =  A,-,(I)e  ^'t(i)  +  £,.]  (12-13) 

Equation  12-12  may  be  compared  to  the  general  Eq.  12-3,  which  was  derived 
on  the  basis  of  no  particular  mechanism  but  only  an  exponential  change, 
and  it  is  found  that: 

a  =  k,  [(I)  +  A',]  (12-14) 

The  value  of  a  may  be  found  by  the  plotting  i)rocedures  described  in  the 
previous  section  and  from  this  the  rate  constant  can  be  determined. 

Equation  12-8  represents  opposing  reactions  of  the  first  and  second  or- 
ders and  is  applicable  ideally  over  the  whole  course  of  the  reaction.  Occa- 
sionally, the  dissociation  of  the  complex  has  l^een  neglected  and  the  second- 
order  reaction   alone   considered: 

E  +  I  — >EI  (12-15) 

in  which  case  it  is  easily  shown  that: 

^  =  1   _  e-fci(i)'  (12-16) 

and  that  a  plot  of  log  (1  —  i)  against  t  will  give  a  straight  line  of  slope 
—  A;i(I)/2.3.  Such  a  treatment  may  be  satisfactory  when  only  the  initial 
rates  are  measured  but  becomes  progressively  inaccurate  with  time;  in  fact, 
Eq.  12-16  implies  that  the  inhibition  will  eventually  become  complete 
whatever  the  inhibitor  concentration. 
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The  variation  in  the  time  course  of  inhibition  with  the  rate  constant 
is  shown  in  Fig.  12-5  where  Eq.  12-12  is  plotted  at  constant  inhibitor  con- 
centration, the  final  inhibition  being  the  same  in  each  case.  The  changes 
in  the  rate  of  inhibition  with  time  are  presented  in  Fig.  12-6  in  which  Eq. 
12-13  is  plotted.  Finally,  Fig.  12-7  shows  the  developments  of  inhibition 
when  the  concentration  of  the  inhibitor  is  varied,  the  terminal  inhibition 
now  being  different  in  every  case.  These  curves  serve  to  illustrate  the  typ- 
ical behavior  of  a  simple  bimolecular  inhibition  reaction. 


TIME(MIN)- 


Fig.   12-5.  Time  courses  of  inhibition  for  different  rate  constants  (Eq.  12-12).  Ki  =  1 

milf  and  (I)  ^  5  mM.  Curve  A,  k\  =  100  rain-i;  curve  B,  k^  =  30  min-i;  curve  C, 

i-j  =  10  min-i;  curve  D,  t^  =  1  min-^. 


When  the  inhibition  progresses  slowly,  measurements  of  enzymic  ac- 
tivity are  frequently  made  over  intervals  during  which  the  inhibition  is 
changing  significantly.  In  such  cases,  an  average  value  for  the  inhibition 
over  the  experimental  period  is  obtained  and  we  may  now  inquire  into  the 
relationship  between  this  average  inhibition  and  the  inhibition  at  a  par- 
ticular time.  The  mean  inhibition  over  the  interval  from  t^  to  f.^is  given  by: 


ij'idt 

*2  'l 


(12-17) 
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and  substitution  of  the  value  of  i  from  Eq.  12-11,  followed  by  integration, 
gives: 


Ut.  -  h)[{l)  +  K,] 


(12-18) 


TIME 


Fig.   12-6.  Variation  of  the  inhibition  rate  with  time  (Eq.  12-13)  for  the  inhibitions 

in  Fig.   12-5. 


where  i^  is  the  inhibition  at  t-^  and  i.^  is  the  inhibition  at  t.^.  When  the  in- 
terval begins  with  the  addition  of  the  inhibitor  (^^  =  i^  =  0)  and  termi- 
nates at  time  t,  the  average  inhibition  is: 


k,tm  +  ^i] 


(12-19) 


where  i,  is  the  inhiliition  at  the  end  of  the  interval.  It  is  possible  to  cal- 
culate if  when  the  average  inhibition,  the  final  inhibition,  and  the  slope 
of  the  logarithmic  plot  are  known,  since: 

it  =  at{if  -  J)  (12-20) 

The  experimentally  determined  average  inhibition  i  itself  is  rather  meaning- 
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less   kinetically   and   in   the   construction  of  inhibition-time   curves   it   is 
important  that  the  inhibitions  at  specific  times  be  determined. 

Several  enzyme  inhibitions  following  an  approximately  exponential  course 
have  been  reported.  In  these  cases,  the  reaction  is  bimolecular  but  the 
kinetics  are  first  order  because  the  inhibitor  is  much  in  excess  of  the  en- 
zyme and  its  concentration  does  not  change  appreciably  during  the  reaction. 


Fig.  12-7.   Time  courses  of  inhibition  for  different  concentrations  of  the  inliibitor 

(Eq.  12-11).  Ki  =  1  mil/  and  k^^  =  10  min-i.  Curve  A,  (I)  =  50  mM;  curve  B,  (I)  = 

20  ml/;   curve  C,  (I)  =  5  m3/;  curve  D.  (I)  =  2  mil/;   curve  E.  (I)  =  1   mM. 


The  inhibition  of  plasma  cholinesterase  by  HgClg  was  studied  kinetically 
by  Goldstein  and  Doherty  (1951)  and  curves  such  as  the  one  shown  in 
Fig.  12-8  were  obtained.  A  logarithmic  plot  of  this  curve  gives  a  reasonably 
straight  line  over  the  initial  60  min  (Fig.  12-9)  from  which  the  following 
values  may  be  estimated:  slope  =  0.007  min~^,  a  =  0.016  min"^,  and  k^  = 
1.15  liters  mole~^  sec~^.  At  higher  concentrations  of  HgCl,  (over  1  mM), 
the  behavior  of  the  inhibition  deviates  from  this  simple  mechanism  and 
the  logarithmic  plots  are  no  longer  straight  lines.  Another  example  that 
may  be  mentioned  is  the  inhibition  of  monoamine  oxidase  by  iproniazid 
for  which  Davison  (1957)  found  an  apparent  first-order  reaction  as  indi- 
cat  d  by  the  logarithmic  plots  in  Fig.  12-10  for  three  concentrations  of  the 
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inh  bitor.  For  the  two  lower  concentrations,  A^^  may  be  estimated  as  approx- 
imately 0.094  liters  mole"^  sec~^  but  at  the  higher  concentration  of  25  mM, 
the  rate  is  less  than  half  what  would  be  expected.  Such  a  deviation  at  high 
inhibitor  concentrations  is  often  observed  and  sometimes  it  may  be  due 
to  the  fact  that  the  EI  complex  is  not  formed  directly  upon  collision  of  the 
inhibitor  molecule  with  the  active  enzyme  site  but  requires  a  further  reac- 
tion of  some  type,  which  may  limit  the  rate  at  high  concentrations  of  the 
inhibitor. 


0.8- 


0.6  - 


0.4  - 


0.2  - 


Fig.   12-8.  Inhibition  of  plasma  cholinesterase  by  HgCla  (0.227  mM)  with  time. 
(From  Goldstein  and  Doherty,   1951.) 

The  inhibition  of  lactate  dehydrogenase  by  y^-chloromercuribenzoate 
(p-CMB)  presents  an  interesting  situation  because  the  reaction  of  the  in- 
hibitor with  the  enzyme  can  be  followed  spectrophotometrically  by  meas- 
uring the  changes  in  the  optical  density  at  250  m//  as  the  sulfhydryl  groups 
are  combined  (Neilands,  1954).  The  time  courses  of  the  sulfhydryl  reaction 
and  the  inhibition  are  compared  in  Fig.  12-11  and,  altiiough  the  concen- 
trations of  p-CMB  were  different  in  the  two  experiments,  comparable  rates 
are  evident.  The  rate  of  the  reaction  of  p-CMB  with  lactate  dehydrogenase 
is  much  slower  than  with  most  other  susceptible  enzymes  indicating  that 
the  sulfhydryl  groups  necessary  for  activity  are  partially  protected  in  some 
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manner.  This  is  also  apparent  from  the  fact  that  iodoacetate,  o-iodosoben- 
zoate,  and  iV-ethylmaleimide  do  not  inhibit  the  lactate  dehydrogenase.  It 
was  tentatively  concluded  that  two  sulfhydryl  groups  per  dehydrogenase 
molecule  were  reacted  with  p-CMB  after  30  min  of  incubation. 


TIME- 


MIN 


Fig.   12-9.  Logarithmic  plot  of  the  inhibition  of  phisma  cho- 
Hnesterase  by  HgClj  for  the  determination  of  u  and  k^. 


A  comparison  of  the  rates  of  inhibition  of  succinoxidase  by  a  variety 
of  sulfhydryl  reagents  was  made  by  Slater  (1949)  and  the  results  are  shown 
in  Fig.  r2-12.  The  striking  difference  between  p-CMB  and  the  other  inhibi- 
bitors  should  be  noted.  The  reaction  of  p-CMB  with  the  enzyme  was  prac- 
tically instantaneous,  whereas  the  other  inhibitors  required  30  to  60  min 
to  reach  maximal  inhibition.  The  two  substances  inhibiting  by  oxidation 
of  the  sulfhydryl  groups  (o-iodosobenzoate  and  oxidized  glutathione)  pro- 
duced their  effects  particularly  slowly.  The  rate  of  inhibition  with  o-iodoso- 
benzoate at  160  (piaf_  12-13)  exhibited  two  phases,  a  rapid  one  complete 
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after  10  min  and  a  slower  one  that  was  incomplete  after  2  h.  One  might 
postulate  that  the  rapid  reaction  involves  the  oxidation  of  sulf  hydryl  groups 
near,  but  not  at,  the  active  site,  and  that  the  slow  reaction  represents  a 
progressive  inactivation  or  denaturation  of  the  enzyme  due  to  the  struc- 
tural alteration  resulting  from  the  formation  of  —  S  — S—  bonds.  Such 
secondary  inactivation  of  enzymes  will  be  discussed  in  a  subsequent  section. 


TIME 


MIN 


Fig.    12-10.    Inhibition    of   monoamine    oxidase    by   iproniazid 

plotted  logarithmically.  (From  Davison,  1957).  Curve  A:  (I)  = 

1.65  mi/;  curve  B,  (I)  =  5  mM;  curve  C,  (I)  =  25  mM. 


Mutual    Depletion   Systems 

When  the  concentrations  of  both  enzyme  and  inhibitor  are  reduced  during 
the  reaction  between  them,  not  only  the  final  inhibition  but  also  the  rate 
at  rt^hich  this  is  attained  is  altered  compared  to  the  situation  in  which 
the  inhibitor  is  markedly  in  excess  of  the  enzyme.  The  initial  rate  of  inhi- 
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Fig.  12-11.  Reaction  of  lactate  dehydrogenase  sulfhydryl  groups  with  j.)-chloromer- 

curibenzoate  (p-CMB)  measured  spectrophotonietrically  and  the  time  course  of  the 

inliibition.  For  the  sulfhydryl  reaction,  (p-CMB)  =  0.033  mJ/  and  (LDH)  =  0.01  ml/; 

for  the  inhibition,  (jj-CMB)  =  0.1   mM.  (From  Xeilands.  1954.) 
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Fig.    12-12.    Inhibition    of   succinoxidase    by    several    sulfhydryl 

reagents.  GSSG  =  oxidized  glutathione,  PAPAO  =  p-aminophen- 

yjarsine   oxide,    ^^-CMB  ^  y»-chloromercuribenzoate,   and  ISBZ  = 

iodosobenzoatc.  Temperature  =  37°.  (From  Slater.  1949.) 
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bition  will  depend  only  on  the  inhibitor  concentration  and  not  on  the  con- 
centration of  the  enzyme,  but  it  is  obvious  that  if  the  enzyme  concentration 
is  near  that  of  the  inhibitor,  the  later  rates  of  inhibition  will  be  slower  due 
to  the  fall  in  inhibitor  concentration.  An  irreversible  mutual  depletion 
reaction  may  represented  as: 

E  +  I  — >  EI 


that: 


and: 


dm) 
^~dt 


=  A-,[(E,)  -  (EI)]  [(I,)  -  (EI)] 


di 
~dt 


h,{h)  -^^^[(E,)  +(I,)]  +^■^A•,(E,) 


(12-21) 


(12-22) 


(12-23) 


0  30 

TIME 


20  150 

MIN 


Fig.   12-13.  Inhibition  of  succinoxidase  by  iodosobenzoate  at  16° 
and  a  concentration  of  2  n\M.  (From  Slater,  1949.) 


Integration  of  this  equation  leads  to: 

\     _    g-fci[(I<)-  (Ej)] 


1 


(E, 


(12-24) 


(I.) 


g-fcl[(T()-(Ei)] 


which  gives  the  variation  in  the  inhibition  with  time  for  any  initial  con- 
centrations of  enzyme  and  inhibitor.  It  may  be  noted  that  when  (I,)  ^ 
(E,),  this  reduces  to  the  simple  expression,  t  =  1  —  g-^'i^'i*',  which  is 
Eq.  12-16.  The  changes  of  inhibition  with  time  for  such  systems  are  shown 
in  Fig.  12-14  by  plotting  Eq.  12-24  for  constant  concentrations  of  inhibitor 
and  variable  concentrations  of  enzyme.  Curve  1  represents  the  ordinary 
logarithmic  progression  of  inhibition  when  the  inhibitor  is  much  in  excess 
of  the  enzyme  and  significant  depletion  of  inhibitor  does  not  occur.  The 
other  curves  show  the  results  of  increasing  enzyme  concentration  to  levels 
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comparable  to  the  inhibitor  concentration.  In  mutual  depletion  systems, 
the  logarithmic  plots  of  the  remaining  activity  against  time  deviate  from 
straight  lines  in  a  manner  shown  in  Fig.  12-15.  Such  curvatures  are  fre- 
quently seen  in  plotting  experimental  data  and  in  certain  cases  may  be 
due  to  the  factor  of  inhibitor  depletion.  It  must  be  remembered  that  in 
enzyme  preparations  containing  nonenzymic  material  capable  of  binding 
the  inhibitor,  depletion  of  the  inhibitor  will  occur  more  readily  than  in  pure 
enzvme  solutions  and  this  can  give  rise  to  deviations  of  this  type. 


TIME 


MIN 


Fig.  12-14.  Effect  of  the  enzyme  concentration  on  the  rate  of  inhibition  in  a  mutual 
depletion  system  (Eq.  12-24).  (I«)  =  1  mJ/  and  k^  =  100  min-i.  Curve  1,  (E«)  = 
0.01  m2I;  ciu've  2.  (E^)  =  0.1  mJ/;  curve  3,  (E«)  =  0.5  mM;  curve  4,  (E^)  =  1.6  mM; 

curve  5,  (E^)  =  2  mM. 


An  irreversible  inhibition  has  been  discussed  because  the  kinetics  of 
a  reversible  mutual  depletion  system,  E  +  I  ^  EI,  are  rather  complex. 
The  rate  equations: 


f/(EI) 
dt 


=  A-/(E,)  -  (EI)]  [{],)  -  (El)]  -  A-_,  (El) 


(12-25) 


di 
dt 


-  A-,(l,)  -  ik,[(E,)  +  (h)  +  K,]  +  iH-AE,) 


(12-26) 
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are  integratable  but  the  resultant  expressions  are  unwieldy.  However, 
it  is  evident  that  the  rate  of  inhiljition  will  progressively  become  even 
less  than  the  irreversible  mutual  depletion  system  and  the  final  equilibrium 
level  of  inhibition  achieved  will  be  less. 


TIME 


MIN 


Fig.   12-15.    Logarithmic  plots   of  inhibition   curves   in  mutual 
depletion  systems.  The  curves  correspond  to  those  in  Fig.  12-14. 


Rate  of  Competitive  Inhibition 

When  the  inhibitor  and  the  substrate  compete  for  the  active  site  on 
the  enzyme,  the  presence  of  substrate  will  reduce  the  rate  at  which  inhibi- 
tion occurs,  as  well  as  decrease  the  equilibrium  inhibition  reached.  In 
such  cases,  the  bound  substrate  prevents  access  of  the  inhibitor  to  the  ac- 
tive site.  Thus  only  that  fraction  of  the  total  enzyme  concentration  that 
represents  the  free  enzyme  will  be  available  for  reaction  with  the  inliibi- 
tor.  Of  course,  the  ES  complex  will  dissociate  into  E  and  S  as  the  reaction 
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of  E  with  I  proceeds.  It  has  been  said  that  the  inhibitor  displaces  the 
substrate  from  the  enzyme,  which  is  what  does  occur  when  one  considers 
initial  and  final  states,  but  this  must  not  be  interpreted  as  a  direct  displace- 
ment, since  it  is  unlikely  than  an  inhibitor  molecule  could  force  a  sub- 
strate molecule  from  the  enzyme  surface  in  most  cases. 

It  might  be  thought  that  an  expression  for  the  rate  of  competitive 
inhibition  could  be  simply  derived  from  that  for  noncompetitive  inhibition 
(Eq.  12-11)  by  multiplying  K,  by  the  factor  [1  +  (S)/Z,],  which  suffices 
for  the  final  inhibition,  but  this  is  not  so,  inasmuch  as  (ES)  decreases 
as  (EI)  increases  and  both  f7(ES)/(/^  and  d(Eil)ldt  must  be  taken  into  ac- 
count. Goldstein  (1944)  obtained  an  equation  for  the  development  of  in- 
hibition in  the  presence  of  substrate  and  applied  it  to  the  inhibition  of 
cholinesterase  by  physostigmine.  This  treatment  will  l)e  followed  here 
but  modified  so  that  the  results  may  be  expressed  in  terms  of  inhibition 
instead  of  activitv.   There  are  now  two  simultaneous  reactions: 


E  +  S;^ES 


(12-27) 


E  +I^EI 


(12-28) 


where  l\  and  A-_j  have  been  retained  for  the  inhibitor  reaction  to  conform 
to  the  previous  equations.  The  changes  in  the  concentrations  of  the  com- 
plexes would  be: 


(i(ES) 
dt 

rf(EI) 
dt 


=  A-,(S)[(E,)  -  (ES)  -  (EI)]  -  A-,A^.(ES) 


(12-29) 


A^(I)r(E,)  -  (ES)  -  (EI)j  -  A■,A^.(EI)  (12-30) 


Eliminating  [(E,)  —  (ES)  —  (EI)]  from  these  equations: 


dim)      A-,(S) 


dt 


A-:(I) 


f/(El) 
dt 


+  A-,A,(EI) 


-  A-2A,,(ES) 


(12-31! 


Since   i  =  (EI)/(E,)   and  a  =  (ES)/(E,)  =  1  -  i.   we   may  write: 

and         ^=^^;^  =  -  (E,)  -^  (12-32) 


r/(EI)  di 


^(ES)  _  ^  di 

~dr  =  '^^'^-d^ 


and  hence  obtain  an  equation  for  dildt: 


di 
lit 


il;k, 


iDK,  +  (S)g, 
kAD  +  U^) 


(12-33) 
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It  should  be  noted  at  this  point  that  Eqs.  12-32  limit  the  treatment  to 
situations  in  which  the  enzyme  is  saturated  with  substrate  so  that  the 
total  enzyme  concentration,  (E^),  is  approximately  (ES)  +  (EI),  the  con- 
centration of  free  enzyme  being  very  small.  This  arises  from  setting  a  = 
(ES)/(E;)  =  I  —  i,  which  is  true  only  when  the  enzyme  reaction  in  the  ab- 
sence of  inhibitor  is  proceeding  at  the  maximal  rate.  This  limitation  of 
the  treatment  was  not  specifically  stated  by  Goldstein.  In  his  experimental 
study  of  cholinesterase  inhibition,  the  substrate  concentration  was  very 
high,  (S')  being  approximately  65,  so  that  the  behavior  should  be  adequate- 
ly represented  by  this  treatment.  However,  in  cases  where  the  enzyme 
is  not  saturated  with  substrate,  and  d{^S)l(U  7^  —  d{'El)ldt,  the  situation 
is  more  complex  and  the  equations  are  difficult  to  solve  directly. 

Equation  12-33  may  now  be  integrated  and  the  following  expression 
for  the  inhibition  is  obtained: 


(I) 


(I) + -4^  (S) 

A, 


1  —  exp 


(12-34) 


This  is  plotted  and  compared  with  the  noncompetitive  rate  in  Fig.  12-16 
for  (S')  =  5  and  the  marked  decrease  in  rate  may  be  observed.  It  is  true 
that  Eq.  12-34  would  not  accurately  apply  to  as  low  a  specific  concentra- 
tion of  substrate,  but  the  error  is  not  very  great.  The  logarithmic  plots 
of  these  curves  are  shown  in  Fig.  12-17.  The  slope  of  the  curve  for  com- 
petitive inhibition  is  the  factor  multiplied  by  the  time  in  the  exponential 
part  of  Eq.  12-34,  and  it  may  be  seen  that  values  of  k-i^  and  k^  can  be  cal- 
culated from  the  slopes  obtained  under  different  conditions.  The  data 
reported  by  Goldstein  (1944)  for  the  inhibition  of  dog  serum  cholinesterase 
by  physostigmine  are  shown  in  Fig.  12-18  and  the  curves  have  been  derived 
from  Eq.  12-34  using  the  constants  calculated  by  Goldstein,  except  that  a 
slightly  lower  value  of  K^  was  chosen  to  obtain  a  closer  fit  to  the  experi- 
mental points.  As  was  pointed  out  by  Goldstein,  the  rate  of  inhibition  here 
in  the  absence  of  the  substrate  would  have  been  too  rapid  to  measure  but 
in  the  presence  of  the  large  amounts  of  substrate  used,  the  rate  was  slowed 
so  that  it  could  be  easily  determined.  Thus  by  this  technique  it  is  possible 
to  determine  the  rate  constants  of  a  reaction  normally  proceeding  at  an 
experimentally  unmeasurable  rate. 

With  respect  to  the  development  of  competitive  inhibition  in  such 
systems,  one  may  conceive  of  two  extreme  types.  In  one  case,  the  sub- 
strate rapidly  dissociates  from  the  enzyme  and  the  limiting  rate  of 
inhibition  is  that  at  which  the  inhibitor  reacts  with  the  free  enzyme;  in 
the  other  case,  the  ES  complex  dissociates  more  slowly  than  the  EI 
complex  is  formed  and  thus  limits  the  rate  of  inhibition.  Equation  12-34 
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may  be  rewritten  in  terms   of  A;_2,  the  rate  constant  for  the  dissociation 
of  the  ES  complex: 


:i' 


(D  +  (S') 


1  —  exp 


(12-35) 


TIME 


MIN 


Fig.  12-16.  The  rate  curves  for  noncompetitive  (I)  and  competitive  (II)  inhibition. 

iCf  =  1    mM,   ki  =  10   min-^,   and   (I)  =  5   xnM.    For   the    competitive   inhibition, 

Eq.  12-34  is  plotted  with  K^  =  2  mM  and  (S)  =  10  mM.  Curve  II  shows  the  delaying 

effect  of  substrate  on  the  development  of  inhibition. 


The  following  two  situations  may  be  considered: 

(D 


k,a)  >  k_,(8') 


k_,{8')  >  kAl) 


(D  +  (S') 


1 


exp 


exp 


1  + 


(!') 


k. 


K, 


(I) 

(S') 


(12-36) 


(12-37) 


Since  (S')  >  (I),  the  value  of  A'^  must  be  much  greater  than  k_2  for  the  first 
situation  to  hold,  whereas  for  the  second  situation  the  rate  constants  do 
not  have  to  differ  appreciably.  Corresponding  to  the  two  types  of  processes 
discussed  above,  in  the  first  case  the  rate  of  inhibition  depends  only  on  the 
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rate  constant  for  dissociation  of  the  ES  complex  (ES  dissociates  slowly) 
and  in  the  second  case  it  depends  only  on  the  rate  constant  for  the  com- 
bination of  the  inhibitor  with  the  enzyme  (ES  dissociates  rapidly).  In  the 
cholinesterase  inhibition  studies  of  Goldstein,  k^il)  =  0.913  and  k^^i^')  = 
20.8,  vSo  that  Eq.  12-37  would  be  applicable  without  serious  error.  The  rate 


10 


Logarithmic  plots  of  the  rate  curves  for  noncompeti- 
tive and  competitive  inhibition  (or  for  competitive  inhibition  in 
the  presence  and  absence  of  the  substrate).  Same  conditions  as 
in  Fig.   12-16. 


of  inhibition  in  this  case  is  markedly  slowed  by  the  substrate  because  there 
is  so  little  free  enzyme  available  and  not  because  the  dissociation  of  the 
ES  complex  is  limiting  the  rate. 

Attention  must  be  called  to  the  fact  that  in  Eqs.  12-35  to  12-37,  the  in- 
hibition approaches  the  value  (!')/[(!')  +  (S')]  as  a  final  equilibrium  state. 
This  should  actually  be  (!')/[(!')  +  (S')  +  1]  (see  Eq.  3-28).  The  reason 
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for  this  discrepancy  is  the  assumption  discussed  above,  namely  that  tlie 
enzyme  is  either  in  the  form  of  ES  or  EI.  When  this  assumption  is  valid, 
as  it  is  in  the  inhibition  of  cholinesterase  under  the  conditions  imposed  by 
Goldstein,  (S')  must  be  quite  large  and  much  greater  than  unity,  so  that  the 
error  will  be  insignificant.  However,  it  is  worth  pointing  out  again  that 
when  (I')  +  (S')  is  not  much  larger  than  unity,  these  equations  will  be 
inaccurate  with  respect  to  both  the  rate  of  inhibition  and  the  final  inhibition 
that  is  reached. 


Fig.  12-18.  Rate  of  inhibition  of  serum  cholinesterase  by  physostigniine.  The  points 
represent  the  data  of  Goldstein  (1944)  and  the  curves  are  plotted  from  Eq.  12-34: 
Ki  =  1.9  X  10-8  M,  K,  =  1.23  X  10-3  M,  (S)  =  8.05  x  10-^  if,  and  k\  =  8.3  x  10* 
liters   mole-i   min-i.   Curve   I,   (I)  =  1.1  X  10-=   M:   curve   II,    (I)  =  1.1   X  lO-s   M. 


Kinetic  studies  of  this  type  can  also  provide  evidence  of  competitive 
inhibition  and  this,  as  pointed  out  by  Goldstein  (1944),  is  j^erhaps  the  most 
direct  method  available.  The  other  two  methods,  which  have  been  discussed 
in  previous  chapters,  are  (1)  the  plotting  of  equilibrium  inhibition  data  in 
various  ways  (see  Chapter  5)  and  (2)  the  demonstration  that  it  requires  a 
greater  concentration  of  inhibitor  in  the  presence  of  substrate  to  produce 
a  certain  degree  of  inhibition  than  in  the  absence  of  substrate.  The  kinetic 
method  would  be  particularly  useful  in  those  situations  where,  for  one 
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reason  or  another,  it  is  difficult  to  arrive  reliably  at  equilibrium  inhi- 
bitions. 

Many  examples  of  the  protection  against  enzyme  inhibition  that  is  af- 
forded by  the  presence  of  substrate  have  been  reported.  In  most  cases  the 
protection  has  not  been  studied  kinetically.  Two  further  instances  of  protec- 
tion by  substrate  will  be  mentioned  in  order  to  clarify  the  concept  of  com- 
petition. Yeast  a-carboxylase  is  inhibited  by  various  sulfhydryl  reagents 
and  the  rate  at  which  this  inhibition  occurs  is  lower  the  greater  the  pyru- 
vate concentration  (Stoppani  et  al.,  1953).  Protection  against  p-chloro- 
mercuribenzoate,  HgCl.^,  Cu++,  arsenicals,  o-iodosobenzoate,  and  iodoace- 
tate  was  observed.  For  example,  if  ^^-chloromercuribenzoate  and  pyruvate 
were  added  together,  the  inhibition  was  48%  after  20  min,  but  the  same 
concentration  of  the  mercurial  in  the  absence  of  the  substrate  inhibited 
90%  within  2  min.  The  substrate  tyramine  has  been  shown  to  reduce  the 
rate  of  inhibition  of  monoamine  oxidase  by  iproniazid  (Zeller  et  al.,  1955; 
Davison,  1957).  Tyramine  at  50  mM  almost  completely  protected  the  en- 
zyme against  0.1  mM  iproniazid.  For  both  a-carboxylase  and  mono- 
amine oxidase,  these  results  provide  evidence  that  the  inhibitors  react  with 
the  substrate  site  on  the  enzyme.  Yet  these  inhibitions  are  not  truly  com- 
petitive in  the  classic  sense  because  when  the  enzyme  is  incubated  with 
the  inhibitor  alone  until  maximal  inhibition  is  achieved,  the  addition  of 
substrate,  even  in  high  concentrations,  will  not  reduce  the  inhibition  or 
displace  the  inhibitor  from  the  enzyme.  One  must  then  distinguish  between 
kinetic  competition,  where  the  rate  of  inhibition  is  reduced  by  substrate 
but  the  final  degree  of  inhibition  is  not  affected,  and  equilibrium  competi- 
tion, where  both  the  rate  and  the  final  inhibition  are  decreased  by  sub- 
strate. In  the  former  case,  the  usual  plotting  procedures  will  indicate  non- 
competitive behavior  when  equilibrium  inhibitions  are  measured.  How- 
ever, in  this  connection,  it  is  obvious  that  when  short  experimental  periods 
are  used,  the  inhibition  may  not  have  reached  an  equilibrium  value  and 
what  one  is  really  measuring  is  kinetic  competition. 

Temperature  Effects  and  the  Activation  Energy  of  Inhibition 

Changes  in  the  rate  of  inhibition  with  temperature  may  provide  infor- 
mation about  the  thermodynamic  properties  of  the  activated  complex 
formed  between  the  enzyme  and  the  inhibitor  on  the  reaction  pathway 
towards  the  normal  complex: 

E  +  I^EI*^EI  (12-38) 

Knowledge  of  the  energy  changes  involved  during  this  sequence  —  and 
particularly  the  alterations  in  these  by  varying  the  pH,  ionic  strength, 
and  other  factors  —  should  be  interpretable  in  terms  of  the  physical  events 
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occurring  at  a  molecular  level  as  the  inhibitor  approaches  and  contacts  the 
enzyme.  Very  few  data  are  at  present  available.  The  subject  will  be  treated 
here  in  a  rather  cursory  fashion  for  this  reason  but  it  is  believed  that  this 
approach  in  the  future  will  be  necessary  to  solve  some  of  the  problems  con- 
nected with  the  forces  occurring  between  enzyme  and  inhibitor  molecules. 
It  is  also  of  some  interest  to  examine  the  thermodynamic  quantities  that 
determine  the  rate  of  inhibition. 

The  inhibition  rate  constant  is  given  in  transition  state  kinetics  as: 

IcT  kT 

k,  =  -—  e-<J^*/-R?')   =  e-(-'ff*/«7')  g(Js*//2)  (12-39) 

h  h 

where  k  is  the  Boltzmann  constant  (1.38X  10-^^  erg  deg-^),  h  is  the  Planck 
constant  (6.624  x  lO"-'  erg  sec),  and  AF*,  AH*,  and  AS*  all  refer  to  the 
activated  state  EI*.  The  rate  constant  thus  depends  upon  the  change  in 
free  energy  involved  in  the  formation  of  the  activated  complex  from  the 
individual  components.  Therefore,  just  as  in  the  formation  of  the  normal 
complex,  EI,  as  discussed  in  Chapter  6,  the  rate  will  depend  upon  changes 
in  both  enthalpy  and  entropy.  Equation  12-39  may  be  rewritten  as: 

Ji-  \S*  \H*' 

l„i,^l„^H-l„r+—    -^  <12-40) 

AS*  AH* 

log  ^,  =  10.32+ log  r  +  ^^    -^^  (12-41) 

A  plot  of  log  ki  against  l/T  will,  therefore,  not  be  strictly  a  straight  line 
but  over  the  limited  range  of  temperatures  possible  for  enzymic  study  it 
will  show  so  little  curvature  that  it  may  be  neglected.  The  slope  may  be 
obtained  by  differentiating  Eq.   12-41: 

slope  ^  iO^iM  ^_JH^    __    ^  ,12-42) 

^  da  IT)  2.SR  2.3 

and  from  this  the  enthalpy  of  activation,  J^*,  may  be  calculated.  A  typ- 
ical plot  is  shown  in  Fig.  12-19  for  an  inhibition  in  which  AH*  is  15  kcal/ 
mole  and  J»S'*  is  5  cal/mole/deg.  The  linearity  over  this  temperature  range 
is  evident  and  is  due  to  the  relatively  small  contribution  of  the  T/2.3  term. 
The  relation  between  the  enthalpy  of  activation  and  the  apparent  energy 
of  activation,  as  determined  by  the  commonly  used  method  of  Arrhenius, 
is  easily  shown.  Arrhenius  assumed  the  rate  constant  to  be  expressed  by: 

k,=Aexp{-  -^1  (12-43) 
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from  which: 


log  ki  =  log  A 


E. 


2.3RT 


(12-44) 


where  E.^^^  is  the  apparent  energy  of  activation  and  A  is  interpreted  as 
the  collision  frequency  of  the  reacting  molecules.  The  slope  of  the  plot  of 
log  ki  against  IjT  is  used  to  determine  the  activation  energy: 


LOG  k, 


E,,,  =  -  2.37?(8lope) 


0.00310 


l/T- 


0.0032 


0.0033 


0.0034 


0.0035 


(12-45) 


0.0036 


Fig.  12-19.  Plot  of  log  l\  against  \/T  for  an  inhibition  in  which  JH*  is  15  kcal/mole 
and  AS*  is  5  cal/mole/deg  (Eq.  12-41). 


The  enthalpy  of  activation  from  Eq.  12-42  is: 

AH*  =  -  2.3i?(slope)  -  RT 


and  therefore: 


E,,,  =  AH*  +  RT 


(12-46) 
(12-47) 


The  value  of  RT  is  around  0.62-0.64  kcal/mole  for  temperatures  in  the 
biological  range  and  since  most  enthalpies  of  activation  would  be  between 
10-30  kcal/mole,  the  difference  between  E^^^  and  JH*  is  usually  not  signif- 
icant. 


KATES   OF   INHIBITION    OF   PURE    ENZYMES  561 

The  rate  constant  is  determined  by  the  free  energy  of  activation,  Ji^*, 
and  the  enthalpy  of  activation  derived  from  the  plotting  procedure  is  only 
a  ]3art  of  this,  the  other  part  involving  the  entropy  of  activation,  J»S*. 
The  relative  contril^ntions  of  the  enthalpy  and  entropy  to  the  free  energy 
of  activation  will  vary  with  the  nature  of  the  inhibition.  The  entropy  term 
may  well  be  quite  appreciable,  because  not  only  will  the  deformation  of  the 
inhibitor  molecule  in  the  activated  complex  be  a  factor,  but  inasmuch  as 
many  inhibitors  are  ionic,  the  displacement  of  water  molecules  from  the  ionic 
groups  of  both  inhibitor  and  enzyme  during  the  formation  of  the  complex 
may  involve  large  changes  in  entropy.  Evaluation  of  the  exjD  (J>S*/i?) 
term  in  Eq.  12-39  leads  to  the  following  conclusions  about  the  entropy 
effect:  an  increase  in  entropy  of  3  cal/mole/deg  will  increase  k^  by  a  factor 
of  4.53,  an  increase  of  5  cal/mole/deg  by  a  factor  of  12.3,  an  increase  of  10 
cal/mole/deg  by  a  factor  of  151,  and  an  increase  of  20  cal/mole/deg  by  a 
factor  of  22,100.  Thus  the  entro])y  change  may  be  a  very  important  factor 
in  determining  the  rate  of  inhiliition.  Some  idea  of  the  magnitude  of  J*S* 
may  be  obtained  from  the  values  of  k^  and  JH*  determined  independently. 
Such  data  appear  to  be  available  for  only  one  inhibition,  the  inactivation 
of  liver  monoamine  oxidase  by  iproniazid.  Davison  (1957)  found  the  rate 
constant,  k^,  to  be  1.65x10^  liters  mole~^  min~^  at  37^  and  the  enthalpy 
of  activation  to  be  about  30  kcal/mole.  Substituting  these  values  in  Eq. 
12-39.  J>S*  is  found  to  be  44.4  cal/mole/deg,  which  is  surprisingly  high.  If 
it  were  not  for  this  great  increase  in  entropy,  the  reaction  of  iproniazid 
with  the  monoamine  oxidase  would  be  extremely  slow.  Actually,  the  free 
energy  of  activation,  AF*,  is  only  16.2  kcal/mole  and  the  entropy  change 
may  be  shown  to  increase  the  rate  by  a  factor  of  4.7  X  10^.  Such  a  high  value 
for  AS*  might  indicate  a  change  in  the  enzyme  structure  upon  inactivation, 
i.e.,  a  partial  denaturation. 

When  the  free  energy  of  activation  for  the  binding  of  an  inhibitor  to 
an  enzyme  is  below  5  kcal/mole,  it  is  likely  that  the  process  is  limited  by 
diffusion  and  that  almost  every  collision  of  an  inhibitor  molecule  with  the 
reactive  site  on  the  enzyme  leads  to  binding.  Many  ionic  reactions,  such 
as  the  inhibition  of  succinic  dehydrogenase  by  malonate,  probably  fall 
in  this  category.  It  is  possible  that  such  low  free  energies  of  activation  are 
the  result  of  entropy  increases  attending  the  rearrangement  of  hydration 
water. 

Secondary  Inactivation  of  Enzymes  during  Inhibition 

An  enzyme  is  frequently  unstable  under  the  conditions  used  to  determine 
inhibition.  It  is  well  known  that  many  enzymes  when  extracted  from  cells 
and  subjected  to  the  abnormal  media  used  to  study  their  activity  gradually 
lose  this  activity,  particularly  at  37-38''.  This  inactivation  may  be  a  de- 
naturation of  the  enzyme  protein  or  it  may  relate  to  the  loss  of  some  bound 
cofactor.  Determination  of  the  time  course  of  an  inhibition  must  take  into 
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account  such  i^rocesses  of  inactivation  because  the  fall  in  enzymic  activity 
will  be  due  to  both  the  direct  action  of  the  inhibitor  and  the  spontaneous 
inactivation.  The  presence  of  the  inhibitor  on  the  enzyme  may  alter  the 
rate  of  inactivation.  A  generalized  scheme  may  be  written  as: 

E+I^    EI 

X 

where  the  free  enzyme  is  inactivated  to  X  with  a  rate  constant  A^g  and  EI 
is  inactivated  to  X  (or  a  similar  derivative)  with  a  rate  constant  ^3.  We 
may  now  outline  the  various  possible  situations. 

I.  Free  enzyme  is  stable:  the  presence  of  the  inhibitor  promotes  the  irre- 
versible inactivation  of  the  enzyme  {k.^  =  0). 

II.  Free  enzyme  is  unstable:  the  free  enzyme  is  inactivated  at  a  certain  rate 
and  the  inhibitor  affects  this  in  the  following  ways. 

A.  Inhibitor  has  no  effect  on  inactiimtion:  E  and  EI  break  down  at  the 
same  rate  [k-i  =  A'g). 

B.  Inhibitor  increases  instability:  EI  is  more  rapidly  inactivated  than 
E  {k^  >  k^). 

C.  Inhibitor  decreases  instability:  EI  is  more  stable  than  E  {k2  >  k^,). 

In  the  situation  IIC,  it  may  be  noted  that  ^3  could  be  zero,  in  which  case 
the  inhibitor  is  exerting  a  completely  protective  action.  Such  a  protective 
effect  is  quite  possible  inasmuch  as  substrate  bound  to  certain  enzymes  in- 
creases the  stability  markedly.  The  term  ^'inactivation"  will  be  used  here 
to  designate  those  processes,  usually  irreversible,  that  lead  to  a  loss  of  en- 
zyme activity  and  are  not  the  direct  result  of  the  binding  of  the  inhibitor 
at  the  region  of  the  active  site. 

Detection  of  inactivation  in  the  presence  of  an  inhibitor  is  often  diffi- 
cult. Inactivation  may  be  suspected  in  the  case  of  certain  inhibitors  when 
the  initial  loss  of  enzyme  activity  is  followed  by  a  progressive  fall  of  ac- 
tivity. Somewhat  better  evidence  for  inactivation  is  a  continuing  decrease 
in  activity  after  removal  of  the  inhibitor  from  the  medium  surrounding 
the  enzyme  molecules,  since  this  cannot  now  be  attributed  to  a  slow  phase 
in  the  reaction  of  the  inhibitor  with  the  enzyme.  In  those  cases  in  which 
complete  enzyme  activity  is  not  restored  upon  removal  of  the  inhibitor  from 
the  enzyme,  assuming  that  this  removal  can  be  experimentally  demons- 
trated, there  is  justification  for  suspecting  inactivation.  It  is  very  impor- 
tant to  recognize  inactivation  when  quantitative  studies  are  being  x)ursued 
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because  the  determination  of  rate  and  inhibition  constants,  or  even  of  the 
type  of  inhibition,  may  otherwise  be  seriously  in  error. 

The  mechanisms  by  which  the  stabiKty  of  an  enzyme  can  be  affected  by 
the  binding  of  an  inhibitor  are  generally  unknown  but  some  suggestions 
may  be  made.  The  secondary  and  tertiary  structures  of  enzyme  proteins  are 
probably  often  sensitive  to  the  ionic  charge  distribution  on  the  enzyme 
surface.  The  neutralization  of  such  ionic  groups  or  the  introduction  of  new 
charged  groups  onto  the  enzyme  (as  with  iodoacetate)  could  favor  the 
dissociation  of  helices  or  unfolding.  The  reaction  of  inhibitors  with  protein 
groups  that  are  involved  in  secondary  structure  (e.g.,  inhibitors  forming 
hydrogen  bonds  with  the  protein)  or  tertiary  structure  (e.g.,  inhibitors  react- 
ing with  sulfhydryl  groups)  may  also  labilize  the  enzyme.  All  the  consti- 
tuent atoms  and  bonds  in  a  protein  molecule  are  probably  in  a  rather  in- 
tense electrical  field  originating  from  the  positively  and  negatively  charged 
groups  distributed  in  a  definite  pattern  and  the  interpolypeptide  or  inter- 
helical  linkages  maintain  the  structure  within  this  field.  However,  if  ei- 
ther the  electrical  field  is  altered  or  the  linkages  are  weakened  by  inhibitors, 
the  delicate  equilibrium  may  be  shifted  in  favor  of  the  so-called  denatured  or 
inactive  forms.  It  may  also  be  postulated  that  an  inhibitor  could  increase 
the  stability  of  an  enzyme  if  it  reacts  at  the  active  site  in  a  manner  simi- 
lar to  that  of  the  substrate  since  it  is  known  that  enzymes  are  sometimes 
more  stable  in  the  presence  of  their  substrates,  which  may  by  their  effects 
on  the  local  electrical  field  around  the  active  site  favor  structural  stability. 

The  question  arises  as  to  whether  inactivation  of  an  enzyme  is  associated 
with  general  structural  changes  of  the  protein  or  only  to  local  alterations 
in  the  region  of  the  active  site.  Probably  both  types  occur  and  it  is  possible 
that  a  local  disruption  of  protein  structure  could  spread  over  the  rest 
of  the  protein  as  a  wave  of  instability  or  denaturation.  In  any  event,  it 
is  likely  that  some  instances  of  inactivation  are  not  accompanied  by  signif- 
icant changes  in  the  properties  of  the  jDrotein  as  a  whole.  Thus  enzyme  inac- 
tivation need  not  imply  those  changes  usually  associated  with  denaturation 
of  the  protein,  for  the  disturbance  may  remain  localized.  In  such  cases,  a 
degree  of  reversibility  may  be  inherent  in  the  inactivation  and  detection 
of  the  inactivation  may  be  quite  diflEicult. 

The  quantitative  expression  for  the  loss  of  enzyme  activity  with  time 
when  both  inhibition  and  inactivation  occur  simultaneously  may  be  very 
complex.  The  kinetics  of  inactivation  have  been  very  well  presented  by 
Reiner  (1959,  p.  275).  For  a  simple  first-order  denaturation  of  an  enzyme: 

k 
E  ^  X 

the  concentration  of  the  inactive  form  is  given  by: 

(X)  =  (E,)[l  -  e-«]  (12-49) 
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and  the  variation  in  enzyme  rate  with  time  by: 

F,„(S)e-'=' 
""         (S)  +  K, 


(12-50) 


We  must  now  consider  how  such  inactivation  may  modify  the  development 
of  true  inhibition.  It  is  important  to  remember  that  inhibition  may  be 
measured  in  two  basically  different  ways:  the  decrease  in  enzymic  rate 
may  be  based  on  the  initial  activity  or  it  may  be  based  at  a  particular  time 
on  the  activity  of  a  control  enzyme  preparation  that  has  not  been  treated 
with  the  inhibitor.  In  the  first  case,  one  is  measuring  the  development  of 
both  inhibition  and  inactivation,  whereas  in  the  second  case,  one  attempts 
as  far  as  i^ossible  to  separate  inhibition  from  inactivation.  Although  the 
second  i^rocedure  may  seem  valid  as  a  means  of  eliminating  inactivation, 
it  is  not  necessarily  so.  If  the  EI  complex  is  inactivated  at  a  rate  either  slow- 
er or  faster  than  that  for  the  free  enzyme  E,  the  concentration  of  inactivat- 
ed enzyme  (X)  will  be  different  in  the  presence  of  the  inhibitor  than  in  the 
control.  Such  a  simple  correction  is  valid  only  when  the  inhibitor  does  not 
affect  the  inactivation  rate  (case  HA  above). 

A  very  cursory  treatment  of  the  kinetics  of  inhibition  accompanied  by 
inactivation  will  now  be  presented  with  the  aim  of  illustrating  some  of  the 
basic  characteristics  of  such  systems  and  the  complexities  encountered  in 
their  analysis. 

(I)  Free  enzyme  is  stable  but  the  EI  complex  is  unstable.  When  the  binding 
of  the  inhibitor  to  the  enzyme  is  very  tight  and  the  dissociation  of  EI  can 
be  neglected,  the  following  simple  reaction  may  be  written: 

E   4-  I  ^  EI  ^  X  (12-51) 


The  fractional  inhibition  is  given  by: 

(EI)  +  (X) 


E(,) 


(12-52) 


since  the  inhibited  (EI)  and  inactivated  (X)  enzyme  forms  both  contribute 
to  the   loss  in   activity.    Since: 

-  ''[•ED  +  (X)I  ^  ,_,E„„  ,12-53) 


dt 

and  from  Eq.  12-52: 


<i[(EI)+(X)]         |j,_j^  ,j2-54) 


dt  dt 

we  can  write  the  differential  equation  for  the  inhibition  as: 

dildt  =  A:.(I)(1  -  i)  (12-55) 
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which  may  be  integrated  to  give: 

^■  =  1  _  e-i-id)^ 


(12-56) 


It  is  evident  that  the  development  of  inhibition  is  independent  of  the  inac- 
tivation  reaction  since  the  formation  of  X  from  EI  is  of  no  consequence. 
The  com'se  of  the  inhibition  is  plotted  in  curve  5  of  Fig.  12-20  for  an  arbi- 
trarily chosen  set  of  conditions. 


TIME 


Fig.  12-20.  Variation  of  the  inhibition  with  time  in  various  systems  in  which  inac- 
tivation  occurs.  K^  =  1  milf,  (I)  =  5  mil/,  k^  =  1,  and  ^-3  =  10-^.  Curve  1,  E  and  EI 
unstable  (irreversible);  curve  2,  E  and  EI  unstable  (reversible);  curve  3,  no  inactivation; 
curve  4,  E  stable  and  EI— >X  (reversible);  curve  5.  E  stable  and  EI^X  (irreversible). 

When  the  dissociation  reaction  of  the  EI  complex  must  be  included,  the 
situation  is  much  more  complex.  We  now  have: 


*i  "-'3 

E  -f  1  —  EI  ^  X 

for  which  two  differential  equations  may  be  written: 
dijdt  =  A-,(I)(1  -  0  -  A-,A',  ■(£!)/(£,)] 

dm)idt  =  A-,(i)(E,)(i  -  0  -  m)a\K,  + 1-.. 


(12-57) 

(12-58) 

(12-59) 
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The  solution  of  these  simultaneous  equations  may  be  obtained  by  classical 
methods  or  by  the  Laplace  transform  (see  Salvadori  and  Schwarz,  1954, 
p.  236)  but  is  very  cumbersome  unless  absolute  values  are  known  for  the 
constants  and  (I).  Figure  12-21  shows  the  variations  in  the  enzyme  frac- 
tions with  time  for  a  typical  case.  It  may  be  noted  that  reaction  12-57  is 
identical  in  form  with  the  substrate  reaction: 


E  +  S: 


ES 


and  the  transient-state  kinetics  for  this  system  have  been  treated  by  Chance 
(1943)  and  Yang  (1954). 


TIME ^ 

Fig.  12-21.  Variations  in  the  concentrations  of 
the  enzyme  fractions  with  time  (scheme  12-57). 

In  these  cases,  the  loss  of  enzyme  activity  proceeds  to  completion,  but 
the  actual  inhibition,  exclusive  of  inactivation,  reaches  a  level  which 
is  not  necessarily  the  equilibrium  inhibition.  The  true  inhibition  is  related 
to  (EI)  and  the  amount  of  enzyme  that  is  not  inactivated  as  follows: 


(EI) 


(E,)  -  (X) 
The  usual  differential  equation  for  EI: 

d(EI)ldt  =  A-,(E)(1)  -  m)ikj{,  +  k,) 
and  the  expression  for  d{¥il)ldt  obtained  from  Eq.  12-60: 


dm) 
dt 


[(E<)  -  (X)] 


di 
dt 


d{X) 
dt 


(12-60) 


(12-61) 


(12-62) 
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allow  the  following  expression  for  the  rate  of  change  of  i  to  be  derived: 

dijdt  =  A-i(I)  -  [^-1(1)  +  k^Ki  +  ks]  i  +  k^i-  (12-63] 

This  may  be  integi'ated  readily  but  the  general  expression  is  complex  and 
it  is  more  convenient  to  select  values  for  the  constants  and  (I),  which  has 
been  done  to  give  curve  4  of  Fig.  12-20.  This  curve  may  be  compared  with 
curve  3  which  represents  the  course  of  the  inhibition  when  no  enzyme 
inactivation  occurs.  When  EI  is  unstable,  the  level  of  inhibition  reached  is 
lower  than  that  for  the  case  when  EI  is  stable  (Eq.  12-11).  It  is  impossible, 
of  course,  to  determine  experimentally  the  true  inhibition,  unless  the  inac- 
tivation of  the  enzyme  can  be  followed  independently  by  some  means. 
An  interesting  extension  of  this  form  of  inactivation  is  provided  by 
the  inhibition  of  yeast  alcohol  dehydrogenase  by  the  zinc  chelator,  ortho- 
phenanthroline  (Williams  et  al.,  1958).  This  enzyme  is  immediately  in- 
hibited by  o-phenanthroline  when  the  inhibitor  is  added  with  all  the  com- 
ponents of  the  reaction  present,  but  if  the  enzyme  is  preincubated  with  the 
inhibitor,  a  time-dependent  inhibition  is  observed.  This  second  inhibition 
is  either  irreversible  or  only  partly  reversible  and  thus  may  be  considered 
an  inactivation  as  in  scheme  12-57.  The  inactivation  occurs-rather  slowly: 
with  1  milf  o-phenanthroline  an  inhibition  of  15%  was  reached  in  about 
15  mill,  while  at  5  mAI  it  required  about  60  min  to  reach  an  inhibition  of 
80%.  First-order  kinetics  were  followed.  The  results  conform  to  the  theory 
that  the  inactivated  enzyme  is  Elg  so  that  the  following  reaction  series 
can  be  written: 

E   +  I  ^  EI  -i  EI2  (12-64) 

From  d{m2)!dt  =  A-3(EI)(I)  and  (E,)  =  (E)  +  (EI)  +  (EI,),  and  assum- 
ing that  i  =  (El2)/(E;),  considering  only  the  inactivation,  the  inhibition 
is  given  by: 

kJdr 


i  =  1  ~  exp 


(I)  +  K, 


(12-65) 


so  that: 


2.3  log  (1  -I)  =  ~  -Tj^^^-  (12-66) 


A  plot  of  log  (1  —  i)it  against  0.434(I)2/[(I)  +  K^]  will  give  a  straight  line 
with  a  slope  of  —  k^.  The  linearity  of  this  plot  will  provide  some  confir- 
mation for  the  mechanism  whereby  the  inactivation  is  associated  with  the 
binding  of  a  second  molecule  of  inhibitor. 

(II)  Free  enzyme  and  the  EI  complex  are  both  unstable.  We  may  first 
consider  the  case  in  which  the  presence  of  the  inhibitor  on  the  enzyme  does 
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not  affect  the  rate  of  inactivation,  i.e.,  k^  =  ^'3  in  scheme  12-48.  If  the  total 
decrease  in  enzyme  activity  is  under  consideration,  the  fractional  inhibition 
is  given  by  Eq.  12-52.  Since  here: 

diX)ldt  =  h[{E,)  -  (X)]  (12-67) 

the  concentration  of  inactivated  enzyme  may  be  immediately  written  as: 

(X)  =  (E,)[l  -  e-^2«]  (12-68) 

so  that  from  the  usual  differential  equation  for  f/[(EI)  +  (X)]/rf^  we  obtain: 

dildt  =  A'i(I)  +  k,  +  k,K,[l  -  e-*^*]  ^  [k,a)  +  k,K,  +  k,]  i         (12-69) 

which  again  does  not  integrate  to  a  simple  expression.  However,  the  course 
of  the  loss  in  activity  is  quite  similar  to  that  for  the  case  in  which  the  free 
enzyme  is  stable,  except  that  the  activity  decreases  somewhat  more  rap- 
idly due  to  the  inactivation  of  E  as  well  as  of  EI.  However,  if  we  consider 
only  the  true  inhibition,  it  may  be  easily  shown  that  it  develops  in  an 
identical  fashion  to  the  situation  where  no  inactivation  occurs  (Eq.  12-11), 
which  would  be  the  expected  result,  since  E  and  EI  are  inactivated  at  equal 
rates.  Put  in  another  way,  if  experimentally  both  a  control  and  an  inhibited 
run  are  made  and  the  inhibition  at  any  time  calculated  from  the  relative 
rates,   the   true  inhibition  will  be   obtained. 

Finally,  the  situation  when  /12  7^  ^"3  may  be  discussed.  Here  the  presence 
of  the  inhibitor  on  the  enzyme  alters  the  rate  of  inactivation.  If  the  dis- 
sociation of  EI  may  be  neglected,  the  kinetics  are  simple  because  the  reac- 
tion, EI  — >  X,  is  of  no  consequence,  both  forms  being  inactive.  From  Eq. 
12-52  and: 

mi±m.  .  ,,E„I,  +  .,E,  ,12-70) 

dt 

the  rate  of  change  of  i  is  found  to  be: 

dijdt  =  [kAl)  +  A^2](l  -  i)  (12-71) 

which  integrates  to: 

i  =  1  -  e-ci-io+i-ai'  (12-72) 

This  is  jolotted  in  curve  1  of  Fig.  12-20  and  the  mcreased  inhibition  com- 
pared to  curve  5  may  be  attributed  to  the  inactivation  of  E.  If  the  reverse 
dissociation  of  EI  cannot  be  neglected  and  the  complete  scheme  12-48 
must  be  treated,  the  true  inhibition  as  expressed  by  Eq.  12-60  may  be 
obtained  by  the  integration  of: 

dijdt  =  k,{l)  -  [kMl)  +  A^.]  +  k,  -  k,}i  +  [k,  -  k^i'  (12-73) 
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The  course  of  the  true  inhibition  is  plotted  as  curve  2  in  Fig.  12-20  for  the 
case  in  which  A'g  =  5^*0.  The  true  inhibition  is  reduced  in  comparison  to 
curve  3  because  the  EI  complex  is  inactivated  at  a  rather  rapid  rate  and 
(EI)  does  not  attain  such  high  levels  as  when  no  inactivation  occurs. 

The  Enzyme  Is  Inhibited  and   Reactivated  Simultaneously 

Certain  inhibitors,  notably  the  organophosphorus  compounds,  bind  to 
the  active  center  and  then  react  chemically  with  enzyme  to  inactivate.  In 
some  cases  the  inactivated  enzyme  may  be  reactivated  by  a  chemical  reac- 
tion involving  the  splitting  off  of  the  attached  residue.  The  kinetics  for 
such  an  inhibition  have  been  treated  by  van  Asperen  and  Dekuijzen  (1958) 
for  the  cholinesterases  of  houseflies  and  mouse  brain.  The  following  reac- 
tions occur: 

E   +  I  —  EI  K,  =  (E)(I)/(EI) 

El  ->  EP   +  V  V,  =  Ai(El) 

EP  ~>  E   -r  P  i'2  =  A:2(EP) 

where  the  inhibitor  is  0.0-dimethyl-0-2.2-dichlorovinyl  phosphate  (DDVP), 
P  is  dimethyl  phosphate  and  V  is  dichlorovinyl  alcohol,  P  and  V  being  the 
products  formed  from  this  particular  inhibitor.  The  phosphorylated  en- 
zyme EP  is  inactive  whereas  EI,  although  inactive,  may  be  considered  as 
active  since  it  can  give  rise  to  active  enzyme.  When  v.,  =  0,  the  final  in- 
hibition will  depend  only  on  the  relative  concentrations  or  amounts  of  the 
enzyme  and  the  inhibitor,  but  when  v.^  is  finite,  the  inhibition  will  rise  to 
a  level  which  may  remain  constant,  a  steady  state  in  which  the  formation 
and  breakdown  of  EP  are  equal  and  (E)  is  constant.  Steady  inhibition  thus 
occurs  when  v^  —  Vo.  Curves  are  presented  for  various  concentraions  of 
DDVP  and  it  was  found  that  it  requires  around  30  to  60  min  for  a  steady 
state  to  be  reached  (Fig.  12-22). 

The  potency  of  an  inhibitor  in  this  situation  depends  on  the  rate  at 
which  EP  is  dissociated,  i.e.,  the  rate  of  reactivation,  the  greater  this  rate, 
the  higher  the  concentration  of  an  inhibitor  necessary  to  produce  a  chosen 
final  level  of  inhibition.  The  tw^o  cholinesterases  from  flies  and  mouse 
brain  differ  by  a  factor  of  around  50  in  their  resistance  to  DDVP  because 
of  different  rates   of  reactivation. 

Preincubation    Procedure   and    Determination   of  the   Component   with 
Which  the  Inhibitor  Reacts 

When  the  inhibitor  and  all  the  components  of  the  enzyme  system  are 
mixed  simultaneously,  or  when  the  inhibitor  is  added  while  the  enzyme 
reaction  is  proceeding,  the  situation  is  generally  more  difficult  to  deal  with 
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kinetically  than  when  the  inhibitor  is  preincubated  with  the  particular 
component  with  which  it  reacts.  Of  course,  if  the  inhibition  is  for  practical 
purposes  instantaneous,  the  order  of  addition  makes  little  difference,  but 
if  the  rate  of  inhibition  can  be  measured  and  if  one  is  interested  in  deter- 
mining the  rate  constant,  k^,  or  the  energy  of  activation,  the  i^reincubation 
technique  is  preferable.  It  is  sometimes  jiossible  to  localize  the  action  of 
the  inhibitor  to  one  component  of  the  enzyme  system  in  this  way.  For 


TIME ^ 

Fig.  12-22.  Inhibition  of  cholinesterase  by 
0,  0  -  dimethyl  -  0-2,2  -  dichlorovinyl  phos- 
phate (DDVP).  (From  van  Asperen  and 
Dekhuijzen,  1958.)  Curve  A,  enzyme  that 
has  been  phosphorylated.  Curve  B,  enzyme 
that  has  been  dephosphorylated.  Curve 
C,  course  of  the  inhibition  showing  the 
achievement  of  a  steady  state. 


example,  if  we  consider  the  simi^lest  system,  in  which  the  enzyme  reaction 
involves  only  the  enzyme  and  the  substrate  as  components,  the  following 
four  exi)eriments  should  be  performed  if  the  nature  of  the  inhibition  is 
unknown: 


Experiment 

Preincubation 

Reaction  started  by 

(a) 

E  +  I 

S 

(b) 

E 

S 

(c) 

s  +  i 

E 

id) 

s 

E 

From  (a)  and  (c)  one  may  be  able  to  show  whether  the  inhibitor  reacts  with 
the  enzyme  or  the  substrate,  while  (b)  and  (d)  serve  as  controls  in  case 
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either  the  enzyme  or  the  substrate  are  unstable  under  the  experimental 
conditions.  The  preincubation  time  and  the  conditions  must  be  identical 
in  each  of  the  procedures.  When  the  locus  of  inhibition  is  established,  a 
time  course  for  the  inhibition  should  be  determined  by  using  different  prein- 
cubation intervals.  If  K^  or  other  equilibrium  characteristics  are  to  be  ob- 
tained, it  is  essential  to  know  when  the  reaction  of  the  inhibitor  is  complete 
and  equilibrium  has  been  achieved. 

If  an  activator  or  coenzyme  is  also  a  component  of  the  enzyme  system, 
the  procedure  is  necessarily  more  comjilex  and  in  addition  to  the  four 
tests  described  above  the  procedures  given  in  the  tabulation  below  must 
be  carried  out  for  a  complete  analysis: 


Experiment 

Preincubation 

Reaction  started  by 

(e) 

A  +  I 

S  +  E 

(/) 

A  +  S  +  I 

E 

(g) 

A  +  E  +  I 

S 

(h) 

S  +  E  +  I 

A 

(i) 

E  +  S 

A 

U) 

E  +  A 

S 

(k) 

S  + A 

E 

The  first  test  (e)  is  designed  to  determine  if  the  inhibitor  reacts  with  the 
activator  or  coenzyme;  (/),  {g),  and  (A)  will  show  if  the  inhibitor  forms  a 
complex  with  two  comi^onents  of  the  system  or  reacts  with  the  substrate  or 
activator  only  in  the  presence  of  the  enzyme;  and  (^),  (j),  and  {k)  are  the 
controls  for  the  three  preceding  tests.  It  is  suggested  that  such  a  series 
of  tests  be  undertaken  before  the  more  quantitative  aspects  of  the  inhibi- 
tion are  investigated  because  the  latter  can  be  done  efficiently  only  after 
the  basic  mechanism  of  the  inhibition  is  established. 
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Interpretation  of  the  rate  at  which  an  inhibition  develops  may  be  very 
difficult  when  the  enzyme  that  is  attacked  by  the  inhibitor  is  located  within 
a  cell  and  is  separated  from  the  ambient  medium  by  one  or  more  proto- 
plasmic membranes.  Actually  very  little  really  quantitative  work  on  the 
kinetics  of  intracellular  inhibition  has  been  done.  However,  the  rates  of 
drug  action  have  been  the  subject  of  much  study  and  speculation,  and  the 
results  and  conclusions  from  this  branch  of  pharmacodynamics  are  fre- 
quently valuable  for  investigations  of  metabolic  inhibition  since  funda- 
mentally the  same  problems  are  involved.  The  best  discussion  of  the  rates 
of  drug  action  remains  that  of  Clark  (1937)  and  there  he  summarizes  his 
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critical  approach  in  the  following  words:  "The  study  of  the  kinetics  of 
drug  action  is,  therefore,  of  a  qualitative  rather  than  a  quantitative  nature. 
It  is  perfectly  easy  to  obtain  attractive  curves  relating  time  and  action, 
and  the  ease  with  which  these  curves  can  be  fitted  by  simple  formulae  is 
very  striking.  The  difficulties  begin  when  an  attempt  is  made  to  analyse 
the  factors  that  must  be  concerned  with  the  delay."  Such  a  statement  is 
equally  valid  when  applied  to  the  study  of  inhibition  and  one  must  be  par- 
ticularly aware  of  the  dangers  of  drawing  conclusions  as  to  the  fundamental 
mechanisms  of  inhibition  from  the  fit  of  the  experimental  data  to  some 
mathematical  formulation.  Unfortunately  many  different  assumptions  as 
to  the  mechanism  give  essentially  the  same  predicted  behavior  in  most 
cases.  It  is  possible  to  distinguish  between  these  different  mechanisms  only 
by  a  more  direct  investigation  of  the  penetration  and  distribution  of  the 
inhibitors  and  the  nature  of  the  metabolic  alterations. 

Relation  of  Inhibition  Kinetics  to  the  Changes  Measured 

Consideration  must  first  be  given  to  the  relationship  between  the  primary 
inhibition  and  the  processes  whose  changes  are  determined  in  any  study 
of  the  rates  of  inhibition  in  complex  systems.  If  the  inhibitor  acts  on  some 
enzyme  within  the  cell,  ideally  the  activity  of  this  susceptible  enzyme  would 
be  determined  as  it  changes  with  time,  but  this  is  usually  difficult  if  not 
impossible.  Unless  the  inhibition  is  irreversible,  or  very  slowly  reversible, 
it  is  not  feasible  to  extract  the  enzyme  from  the  tissue  at  intervals  to  de- 
termine the  course  of  the  inhibition,  so  that,  if  the  activity  cannot  be  directly 
measured  within  the  cells,  one  must  resort  to  indirect  procedures.  Most 
commonly  tested  is  some  metabolic  process  dependent  upon  the  susceptible 
enzyme  (e.g.,  respiration  or  glycolysis),  but  such  measurements  will  not 
provide  an  accurate  course  of  the  enzyme  inhibition  unless  the  rate  of  the 
over-all  process  is  immediately  and  quantitatively  related  to  the  activity 
of  this  enzyme.  In  some  cases,  such  as  the  depression  of  respiration  resulting 
from  the  inhibition  of  cytochrome  oxidase,  a  satisfactory  correlation  may 
exist,  but  in  general  the  metabolic  changes  will  lag  behind  the  enzyme 
inhibition  to  varying  degrees,  and  indeed  frequently  there  will  be  no  di- 
rect or  simple  relationship  at  all.  Especially  when  the  uptake  of  some  sub- 
strate or  the  formation  of  a  metabolic  product  is  determined,  the  kinetics 
will  often  relate  to  factors  other  than  those  of  the  enzyme  inhibition.  Com- 
monly some  biochemical  or  physiological  (functional)  change  only  secon- 
darily dependent  on  the  susceptible  enzyme  is  used  as  a  measure  of  the 
development  of  inhibition  and  here  it  is  evident  that  only  a  very  fortuitous 
set  of  circumstances  will  allow  quantitative  interpretation.  The  many  prob- 
lems of  correlating  enzyme  inhibition  with  the  functional  depression  of 
cells  have  been  discussed  in  Chapter  9  with  regard  to  final  inhibitions  but 
the  same   problems  arise,   perhaps  accentuated,   in  kinetic   studies.   The 
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rate  at  which  an  inhibitor  alters  mj^ocardial  contraction,  for  example, 
even  in  isolated  preparations  to  which  the  inhibitor  can  be  directly  ap- 
plied, will  bear  little  relationship  to  the  primary  inhibition  rate  of  the 
enzyme.  Finally,  these  problems  are  particularly  evident  when  only  the 
death  of  cells  or  organisms  is  used  as  an  indication  of  the  inhibition  be- 
cause it  is  likely  that  in  all  cases  a  number  of  reactions  intervene  between 
the  susceptible  enzyme  and  the  processes  upon  which  the  life  of  the  cell 
depends.  The  death  rate  of  microorganisms  has  often  been  treated  in  a 
quantitative  fashion  and  from  the  data  various  conclusions  as  to  the  mech- 
anism of  inhibition  have  been  derived.  However,  this  approach  is  extremely 
limited.  Justification  for  such  an  approach  by  adducing  the  principle 
of  limiting  reactions  must  be  examined  very  critically.  These  problems 
can  best  be  presented  by  considering  some  of  the  possible  factors  that  affect 
inhibition  rates  in  cells  and  by  discussing  some  examples  of  cellular  inhi- 
bition studies. 

Factors  Commonly  Affecting  Inhibition   Rates  in  Cells 

The  lag  or  latent  period  between  the  application  of  the  inhibitor  and 
some  metabolic  or  functional  response  is  generally  composed  of  three  phas- 
es: {a)  the  time  reciuired  for  the  inhibitor  to  reach  the  susceptible  enzyme 
from  the  site  of  its  application  (including  the  times  to  reach  the  cells  and 
to  penetrate  into  the  cells),  (b)  the  time  for  the  reaction  of  the  inhibitor 
with  the  enzyme,  and  (c)  the  time  for  the  cells  to  respond  to  the  loss  of 
this  enzyme  activity.  These  phases  may  be  of  any  relative  duration.  In 
many  cases,  one  phase  is  much  longer  than  the  other  two  and  thus  pre- 
dominantly determines  the  rate  of  the  inhibition.  Occasionally  other  fac- 
tors may  be  of  importance,  such  as  the  time  required  for  the  lethal  synthesis 
of  the  active  inhibitor.  The  important  thing  is  —  unless  we  know  what 
phase,  or  phases,  is  controlling  the  rate,  we  cannot  interpret  kinetic  data 
mechanistically. 

(A)  Rates  of  pe  net  ratio)}  into  cells.  The  rate  of  development  of  the  inhibi- 
tion may  be  determined  by  the  rate  at  which  the  inhibitor  penetrates  into 
the  cells  and  may  have  nothing  to  do  with  the  enzymic  process.  That  the 
cell  membrane  can  slow  down  the  reaction  of  a  substance  with  an  intracel- 
lular component,  even  in  situations  where  diffusion  would  be  expected  to 
be  rapid,  is  shown  by  the  fact  that  the  oxygenation  of  hemoglobin  in  ery- 
throcytes is  about  eighteen  times  slower  than  when  the  hemoglobin  is  in 
solution  (Hartridge  and  Koughton.  19'27).  If  the  diffusion  of  a  small  un- 
charged molecule  such  as  oxygen  is  reduced  by  the  cell  membrane,  it  is 
evident  that  most  inhil^itors  will  gain  entrance  to  cells  relatively  slowly  and 
that  the  combination  of  the  inhibitor  with  the  enzyme  would  have  to  be 
a  reasonablv  slow  reaction  in  order  to  limit  the  rate  at  which  the  inhibition 
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develops.  Tissue  preparations  usually  respond  to  a  substance  more  rapidly 
when  it  reaches  the  cells  in  the  blood  supply  or  perfusion  fluid  than  when  it 
is  applied  externally  in  a  bath.  Thus  octyltrimethylammonium  ion  at 
2  raM  produced  half-paralysis  of  gastrocnemius  muscle  in  0.3  min  when 
perfused  into  the  muscle  but  it  required  14  min  when  the  drug  was  added 
to  the  medium  in  which  the  muscle  was  suspended  (Ing  and  Wright,  1931). 
Diffusion  barriers  can  thus  play  an  important  role  in  kinetics.  The  major 
factor  is  not  the  absolute  rate  of  penetration  into  the  cells  or  tissue  but 
the  diffusion  rate  relative  to  the  rate  of  reaction  of  the  inhibitor  with  the 
enzyme. 

It  is  difficult  from  kinetic  measurements  alone  to  determine  if  the  rate 
at  which  a  substance  affects  an  intracellular  component  depends  primarily 
on  the  rate  of  penetration  of  the  substance  into  the  cell  or  on  the  associa- 
tion rate  for  the  formation  of  the  complex.  The  uptake  of  dyes  by  cells 
has  been  studied  thoroughly  and  has  been  found  to  follow  monomolecular 
kinetics  in  most  cases.  Thus  Irwin  (1925)  found  that  cresyl  blue  entered 
the  vacuole  of  Nitella  according  to  such  kinetics  and  assumed  that  the 
dye  combined  with  something  inside  the  cell;  however,  the  kinetics  could 
be  accounted  for  satisfactorily  on  the  basis  of  diffusion.  The  simple  diffusion 

of  a  substance  into  a  cell: 

I 
I 
I 
k 

I 
I 
I 

is  expressed  by  the  differential  equation: 

^  =  k[{h)  -  (I,)]  (12-74) 

(it 

which  may  be  integrated  to: 

(I.)  =  (Ij(l  -  e-«)  (12-75) 

On  the  other  hand,  the  reaction  of  the  substance  within  the  cell  may  be 

represented  as: 

k 
I   +  E  ^  El 

for  which  the  differential  equation: 
d{EI) 


dt 


A;(I)(E)  -  A-/^,(E1)  (12-76) 


may  be  written,  where  K^  is  the  inhibition  constant  if  the  process  leads  to 
enzyme  inhibition. 
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This  may  be  integrated  to: 

(EI)  =      [^^^^t     (1  -  e-^-['i'+*^]'}  (12-77) 

(1)  +  A-, 

Thus  the  rate  of  accumulation  of  the  inhibitor  in  the  cell  follows  the  same 
kinetics  in  each  case,  although  the  constants,  of  course,  have  quite  differ- 
ent meanings. 

Three  different  situations  may  be  postulated:  (1)  the  inhibitor  enters 
into  the  cell  much  more  slowly  than  it  combines  with  the  enzyme  so  that 
(I,)  during  the  development  of  the  inhibition  is  essentially  zero  and  the 
rate  of  the  inhibition  is  dependent  primarily  on  the  penetration  process; 
(2)  the  inhibitor  enters  the  cell  much  more  rapidly  than  it  combines  with 
the  enzyme  so  that  (Ij)  is  approximately  equal  to  (Iq)  during  the  process, 
the  rate  of  inhibition  depending  on  the  reaction  with  the  enzyme;  and  (3) 
the  rates  of  entrance  and  association  with  the  enzyme  are  comparable  so 
that  (I()  is  less  than  (I^)  but  is  appreciable,  the  kinetics  being  complex.  It 
is  interesting  that  in  the  first  case  (1): 

""^^        «I.)  (12-78) 


'  dt 

where  k  is  a  membrane  permeability  constant,  and  since  i  =  (EI)/(E,)  that: 


di 
dt 


(12-79) 


when  the  affinity  of  the  enzyme  for  the  inhibitor  is  high.  Here  the  inhibi- 
tion increases  linearly  with  time  providing  (I^)  remains  constant.  It  may 
be  shown  that  the  simultaneous  differential  equations  expressing  the  general 
case  where  the  penetration  and  association  rates  are  comparable  (3)  are: 

di 

—  =  A-,(I,)  -  ^•[(I,)  +  K,]k;  (12-80) 

"^^^'■^    =  A-(U  -f  k,K,i{E^  -  a,)[k  +  A-,(E,)(1  -  ^•)]  (12-81) 


dt 

where  k  is  a  permeability  constant  and  k^  is  the  forward  rate  constant  for 
the  formation  of  the  EI  complex.* 

*  It  would  be  relatively  easy  and  perhaps  rewarding  to  test  such  kinetics  on  arti- 
ficial systems  wherein  an  enzyme  is  contained  within  a  synthetic  membrane  and  the 
inhibitor  is  added  to  the  external  medium.  The  permeability  of  the  membrane  to  the 
inhibitor  and  the  rate  of  reaction  of  the  inhibitor  with  the  enzyme  could  be  determined 
separately.  The  resulting  behavior  in  the  total  system  could  be  progressively  applied 
to  inhibition   within  cells  as  more  accurate  data  become  available. 


576 


12.    RATES   OF   INHIBITION 


The  most  important  treatment  of  diffusion-limited  kinetics  for  the  present 
purpose  is  that  of  Roughton  (1960).  Equations  were  developed  by  Roughton 
for  the  diffusion  of  a  substance  from  medium  I  through  a  membrane  into 
medium  11,  in  which  the  substance  diffuses  and  is  immobilized  rapidly  and 
irreversibly  on  a  finite  number  of  sites.  This  model  would  correspond  rea- 
sonably well  to  certain  situations  in  which  an  inhibitor  is  bound  tightly  to 
intracellular  components  (including  the  enzyme  attacked)  following  pen- 
etration of  the  plasma  membrane.  The  behavior  in  such  systems  depends 
on  spatial  factors  and  the  treatment  was  applied  to  flat  layers,  cylinders, 
and  spheres.  If  the  membrane  between  the  media  is  very  thin,  the  effect 
of  the  membrane  on  the  time  required  for  a  given  per  cent  uptake  in  me- 
dium II  is  linearly  related  to  the  ratio  of  the  permeabilities  in  medium  II 
and  in  the  membrane.  This  would  imply  that  under  these  conditions,  the 
rate  of  the  reaction  with  the  sites  would  be  proportional  to  the  membrane 
permeability. 

(B)  The  pH  of  the  extracellular  medium.  Since  many  inhibitors  are  weak 
acid  or  bases,  the  rate  of  inhibition  may  depend  on  the  pH  of  the  external 
medium  because  the  undissociated  and  ionic  forms  penetrate  the  membrane 
at  different  rates.  For  a  simple  acidic  inhibitor  where  HI  penetrates  into 
the  cell  but  I~  does  not: 


d{l, 


dt 


A^„,[(H1,-,)  -  (HI,)] 


(12-82) 


where  A'jjj  is  the  permeability  constant  for  the  undissociated  form  HI. 
The  total  concentration  of  the  inhibitor  in  both  forms  inside  the  cell  is 
(I,),.  The  concentration  of  HI  will  depend  on  the  pH,  both  outside  and  in- 
side the  cell,  and  thus  Eq.   12-82  may  be  rewritten  as: 


d(hh 
dt 


—  ^'hi 


!lo). 


(I.) 


1  +  A'„/(H,^ 


1  +  KJiU,^) 


(12-83) 


where  K^,  is  the  acid  dissociation  constant  of  the  inliiljitor.  The  rate  of 
inhibition  may  thus  depend  on  the  intracellular  pH  as  well  as  that  of  the 
external  medium.  If  the  ionized  form  I~  also  penetrates  into  the  cell: 


d(h 


dt 


+  k,- 


do). 


1  +  A'J(H,+) 

ao)t 


a.)t 


1    +   /la/(H, 
(I.). 


(12-84) 


1  +  (H,-)//i„        1  +  (H,+)/A^„  J 
where  I'l-  is  the  permeability  constant  for  the  ionic  species.  The  usual  ex- 
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pressions  (such  as  12-74)  must  be  modified  in  this  manner  to  include  the 
hydrogen  ion  concentration  is  such  cases.  Several  instances  where  the  pH 
affects  the  rate  of  inliibition  have  been  reported  (e.g.,  with  the  nitrophenols, 
malonate,  iodoacetate,  and  cyanide)  but  discussion  of  these  will  be  post- 
poned to  Chapter  14  where  the  effects  of  pH  on  inhibition  will  be  considered 
in  greater  detail. 

(C)  The  state  of  the  membrane  as  related  to  functional  activity.  It  is  well 
known  that  the  permeability  properties  of  cell  membranes  are  changed 
during  the  fluctuations  in  electric  potential  associated  with  excitation  or 
activity  in  muscle,  nerve,  and  gland  cells.  It  is  likely  that  most  cells  have 
an  electric  potential  across  their  membranes,  as  a  result  of  differences  in 
ion  concentrations  between  the  cytoplasm  and  the  external  medium,  and 
that  this  potential  varies  in  response  to  many  influences  that  play  upon 
the  cells.  The  penetration  of  any  ionic  inhibitor  into  a  cell  will  be  affected 
by  the  distribution  of  charge  across  the  membrane,  not  only  because  of  the 
purely  electrostatic  effects  but  perhaps  due  to  the  variations  in  membrane 
structure  brought  about  by  the  changes  in  potential.  Inasmuch  as  excita- 
tion of  cells  generally  involves  a  depolarization  of  their  membranes,  it  is 
probable  that  the  permeability  to  inhibitors  would  depend  on  the  level  of 
activity  or  the  fraction  of  the  time  that  the  membrane  is  depolarized.  One 
might  expect,  therefore,  that  functionally  active  tissue  would  be  inhibited 
more  rapidly  than  resting  tissue  when  the  inhibitors  are  ionic,  and  perhaps 
even  when  they  are  not  ionic.  If  cellular  metabolism  or  secondary  activities 
are  measured,  it  would  be  difficult  to  separate  such  an  effect  from  the  pos- 
sibly altered  susceptibility  of  the  metabolism  or  fimction  itself,  but  if 
the  inhibition  of  a  particular  enzyme  could  be  followed,  it  would  be  possible 
to  test  this  hypothesis.  In  any  event,  the  role  of  fluctuating  permeabilities 
to  inhibitors  should  not  be  overlooked. 

(D)  Nonenzymic  material  and  protecting  substances.  The  binding  of  the 
inhil)itor  to  nonenzymic  substances  in  a  cellular  or  tissue  preparation  will 
lower  the  effective  inhibitor  concentration  and  slow  the  rate  of  inhibition. 
Substances  that  readily  combine  with  the  inhibitor  may  actually  prevent 
the  development  of  the  inhibition  completely,  as  may  be  observed  in  the 
protection  afforded  by  sulfhydryl  compounds,  such  as  dimercaprol  (BAL), 
against  inhibition  by  arsenicals.  Since  cellular  preparations  contain  much 
material  capable  of  reacting  with  most  inhibitors,  this  must  often  be  a 
distorting  factor  in  the  kinetics  of  inhibition. 

(E)  Metabolism  of  the  inhibitor.  Rapid  inactivation  of  the  inhibitor  by 
the  enzyme  systems  of  the  cell  is  another  factor  that  can  reduce  the  effective 
concentration  within  the  cell.  The  kinetics  of  such  systems  have  been  dis- 
cussed in  Chapter  8  and  the  effective  concentrations  of  inhibitor  were  there 
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expressed  in  equations  applicable  to  the  steady  state.  The  situation  can  be 
represented  by  the  following  reactions: 


^  I,   +  E  ^  EI 

1        j^2  ^-1 


(12-85) 


The  spatial  relationship  between  the  susceptible  enzyme  and  the  enzyme 
inactivating  the  inhibitor  can  be  an  important  factor  in  determining  how 
effectively  the  inhibitor  concentration  at  the  susceptible  enzyme  is  reduced. 
A  rigorous  kintic  treatment  is  quite  difficult  but  the  behavior  of  the  system 
will  follow  the  curves  in  Fig.  12-23. 


TIME ^ 

Fig.  12-23.  Effect  of  metabolic  inactivation 
of  the  inhibitor  on  the  rate  of  inhibition 
(scheme  12-85).  Curve  A,  no  inactivation 
occurs.  Curve  B,  inactivation  progressively 
reduces  the  inhibitor  concentration  —  inhi- 
bition irreversible.  Curve  C,  same  as  B  but 
supply  of  inhibitor  is  limited  and  the  inhi- 
bition is  reversible.  Curve  D,  inactivation 
prevents  the  inhibitor  from  reaching  the 
same  initial  concentration  (as  when  the 
inactivating  system  is  effective  before  the 
inhibitor  attacks  the  enzyme). 


(F)  Adaptatio7i  of  the  cell  to  the  inhibition.  Adaptation  of  metabolism  to 
the  action  of  an  inhibitor  is  usually  too  slow  to  affect  the  rate  kinetics  of 
the  inhibition,  but  occasionally  adaptation  is  very  rapid  and  shifts  in  meta- 
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holism  occur  during  the  development  of  the  inhibition.  Such  adaptations 
are  usually  not  those  involved  in  true  tolerance  but  are  only  relatively  rap- 
id adjustments  in  the  cellular  metabolism  to  the  altered  enzyme  activity. 
The  immediate  dependence  of  electron-transport  rates  upon  phosphate  ac- 
ceptors (such  as  ADP)  would,  under  certain  circumstances,  allow  for  read- 
justments in  respiratory  rate  in  response  to  an  inhibitor.  A  shift  in  metabolic 
pathways  to  the  utilization  of  another  type  of  substrate  could  conceivably 
occur  when  the  pathway  of  one  substrate  is  blocked.  The  buffering  capacity 
of  many  multienzyme  systems  towards  inhibition  has  been  discussed  in 
Chapter  7  and  it  is  evident  that  such  phenomena,  usually  involving  changes 
in  the  concentrations  of  the  intermediates,  could  readily  slow  down  the 
rate  of  inhibition.  Of  course,  when  the  inhibition  develops  slowly  over 
several  hours  or  longer,  other  types  of  adaptation,  such  as  enzyme  induction, 
may  occur.  The  rates  at  which  inhibitors  kill  microorganisms  could  well  be 
influenced  by  this  sort  of  adaptation. 

{G)  Secondary  changes  occurring  in  cells.  The  primary  inhibition  on  an  en- 
zyme may  initiate  processes  that  lead  to  depression  of  the  metabolism  or 
function  secondarily.  It  is  known  that  the  inhibition  of  metabolism  or  func- 
tion continues  to  increase  progressively  after  the  inhibitor  is  removed  from 
the  external  medium  in  some  cases.  This  could  only  be  due  to  the  continued 
development  of  the  secondary  changes  induced  by  the  inhibitor  that  is 
bound  within  the  cells.  A  good  illustration  of  this  is  provided  by  the  action 
of  iodoacetate  on  the  heart,  where  both  the  respiration  (Webb  et  al.,  1949  b) 
and  function  (Webb,  1950  a)  continue  to  decline  after  the  iodoacetate  is 
washed  out.  The  action  of  phenols  upon  bacteria  has  been  shown  (Cooper, 
1912)  to  occur  in  two  phases:  an  initial  absorption  or  fixation,  which  is 
followed  by  a  slower  protein  denaturation  leading  to  the  death  of  the  cells. 
Since  the  cell  is  a  closely  organized  unit,  it  is  quite  possible  with  a  strategic 
interruption  of  enzyme  activity  to  initiate  a  sequence  of  events  that  will 
eventually  produce  total  dissolution  of  the  cell. 

(//)  Multiple  actions  of  the  inhibitor.  Since  inhibitors  are  unfortunately 
seldom  specific  in  their  actions,  the  kinetics  are  often  complicated  by  the 
simultaneous  occurrence  of  two  or  more  inhibitory  processes  developing  at 
different  rates.  To  use  iodoacetate  again  as  an  example,  it  is  clear  that 
this  inhibitor  can  affect  various  components  involved  in  the  total  respira- 
tory rate,  not  only  the  sulfhydryl  enzymes  (e.g.,  phosphoglyceraldehyde 
dehydrogenase,  6-phosphofructokinase,  pyruvate  and  «-ketoglutarate  de- 
hydrogenases, isocitric  dehydrogenase,  succinic  dehydrogenase,  and  others) 
but  possibly  also  nonenz\Tiiic  units  functioning  structurally  in  the  cell. 
In  such  cases,  the  kinetic  data  are  simply  not  interpretable  in  terms  of 
any  single  reaction. 

The  study  of  cellular  inhibition  kinetics  has  scarcely  begun  and  a  great 
deal  more  accurate  data  must  be  available  before  a  logical  attack  can  be 
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made.  Much  excellent  work  has  recently  been  done  on  the  penetration  of 
drugs  into  cells  and  tissues,  chiefly  using  radioactively  labeled  material, 
but  very  little  information  on  the  commonly  used  inhibitors  has  been  re- 
ported. It  is  necessary  to  obtain  not  only  accurate  rate  data  for  these  in- 
hibitions, but  to  accumulate  evidence  for  penetration  rates  and  the  operancy 
or  inoperancy  of  the  factors  discussed  above. 

Illustrative  Examples  of  Cellular  Inhibition 

We  shall  now  present  some  specific  results  obtained  on  various  types  of 
cellular  preparations  in  order  to  emphasize  a  few  fundamental  principles 
and  to  indicate  how  simple  analyses  of  the  data  have  been  carried  out  in 
the  past. 
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Fig    12-24.  Inhibition  of  glycolysis  in  rat  spleen  slices  by 
HgCla    (From  Jowett  and  Brooks,  1928.) 


(A)  The  inhihition  of  glycolysis  in  rat  spleen  slices  by  HgCla-  Jowett  and 
Brooks  (1928)  found  that  the  rate  of  inhibition  varied  with  HgCla  concen- 
tration in  the  manner  shown  in  Fig.  12-24.  It  is  obvious  that  the  curves 
do  not  all  start  from  the  origin  and  that  a  short  lag  period  is  present,  but 
since  no  observations  were  made  in  less  than  25  min.  the  course  of  the 
curves  in  this  region  cannot  be  recorded.  This  was  the  first  demonstration 
of  an  exponential  effect  of  an  enzyme  inhibitor  in  which  some  attempt  to 
analyze  the  data  kinetically  w^as  undertaken.  They  fitted  the  data  to  the 
simple  generalized  expression: 

V  =  f'^e-"'  (12-86) 
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but  found  u  to  vary  with  the  concentration:  u  —  0.41  for  0.2  inM,  0.17  for 
0.042  mM,  and  0.07  for  0.01  mM.  Actually,  this  equation  assumes  that  the 
inhibition  will  eventually  be  complete,  whereas  from  the  shapes  of  the 
curves  this  does  not  seem  likely.  When  equations  of  the  type  12-1  and  12-3 
are  used  and  estimates  are  made  of  the  probable  final  inhibition,  a  does 
not  vary  as  much  with  concentration:  «  =  0.66  for  0.2  mM,  0.38  for  0.042 
mM,  and  0.44  for  0.01  mM,  with  an  average  of  0.49  h"^.  They  posed  the 
problem  as  to  whether  the  observed  rate  was  due  to  the  diffusion  into 
the  tissue  or  to  the  reaction  with  the  enzymes,  and  concluded  from  indirect 
experiments  that  diffusion  was  relatively  rapid  (equilibrium  achieved  in 
1-2  min)  and  that  the  results  could  best  be  explained  on  the  basis  of  a 
unimolecular  reaction  of  HgCL,  with  the  enzymes.  They  finally  point  out 
that  a  disturbing  factor  is  the  reduction  in  HgCLj  concentration  due  to  bind- 
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Fig.   12-25.  Effects  of  heavy  metal  ions  on  the  respiration  of  Aspergil- 
lus. (Ag+)  =  0.1  mM,  (Cu++)  =  7.5  mM,  and  (Hg++)  =  0.2  mM.  (From 
Cook,  1926  a.) 


ing  to  the  tissue;  this  would  have  certainly  reduced  the  rate  of  inhibition 
progressively,  especially  at  the  lower  concentrations. 

(B)  Effects  of  heavy  metals  on  t/ie  respiration  of  Aspergillus.  An  interest- 
ing attempt  to  interpret  inhibition  rate  curves  was  made  by  Cook  (1926  a), 
who  found  a  variety  of  responses  in  the  respiration  of  the  mold,  Aspergillus 
niger,  to  the  heavy  metal  ions  (Fig.  12-25).  One  may  notice  immediately 
that  these  rate  curves  indicate  some  differences  in  the  mechanism  of  action 
of  these  heavy  metals.  Many  such  differences  between  inhibitors  are  prob- 
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ably  missed  by  determining  the  inhibition  over  a  single  arbitrary  interval; 
if  here  the  inhibition  had  been  observed  only  at  30  min,  the  results  would 
have  been  unimportant  and  indicative  of  nothing  fundamental.  Secondly, 
one  is  struck  by  the  different  types  of  curves  obtained  for  the  three  heavy 
metals  —  the  immediate  action  of  HgCla,  the  definite  latent  period  of  Cu"*""*", 
and  the  initial  stimulation  produced  by  Ag"^  —  and  these  differences  alone 
would  lead  us  to  expect  the  kinetics  to  be  complex.  The  biphasic  action  of 
Ag"*"  could  be  explained  on  the  basis  of  two  kinds  of  effects  on  the  respi- 
ration occurring  at  different  rates,  but  the  mechanism  by  which  the  stim- 
ulation is  produced  is  unknown.  The  immediate  action  of  HgClg  is  not 
unreasonable  since  a  large  fraction  of  the  HgClg  would  be  un-ionized  and 
would  penetrate  readily  and  then  the  latent  period  observed  with  Cu"*""*" 
might  be  inferred  as  due  to  a  delayed  penetration  into  the  cells.  However, 
Cook  (1926  b)  subsequently  found  that  the  explanation  of  the  latent  period 
is  not  quite  as  simple  as  this.  In  the  first  place,  Nitella  and  Valonia  also 
demonstrated  a  definite  latent  period  and  here  the  penetration  of  Cu"'""'" 
could  be  measured;  it  was  found  that  Cu"*"^  enters  the  cells  quite  rapidly 
and  this  by  itself  could  not  be  responsible  for  the  lag  in  inhibition.  In  the 
second  place,  experiments  with  Aspergillus,  wherein  the  Cu"^+  was  washed 
out  at  varying  times  after  exposure,  indicated  that  some  initial  reversible 
reaction  occurred  preliminary  to  the  respiratory  depression.  Cook  assumed 
that  there  are  two  consecutive  reactions,  the  first  "activating"  the  Cu"*""^ 
so  that  it  was  then  able  to  block  respiration.  It  was  furthermore  found  that 
the  latent  period  (LP)  was  not  constant  but  varied  inversely  with  the  con- 
centration of  Cu"*""*"  according  to  an  equation  of  the  type  LP  =  a(Cu"'""'")~^ 
where  a  and  b  are  constants.  Thus  the  latent  period  is  not  merely  a  "bio- 
logical lag"  requiring  certain  events  to  occur  before  respiration  is  inhi- 
bited. This  problem  cannot  be  solved  today  because  the  basic  mechanism 
by  which  Cu"*""^  inhibits  respiration  is  unknown. 

(C)  Effects  of  iodoacetate  on  respiration  and  glycolysis.  The  inhibition  of 
enzymes  by  iodoacetate  has  been  known  to  be  a  relatively  slow  process 
since  the  earliest  work  on  this  inhibitor  (Lohmann,  1931).  Thus  at  the 
commonly  used  low  concentration  of  iodoacetate  (0.1  mM),  depression  of 
lactate  formation  is  muscle  extracts  progressively  increased  over  1  to  2 
hr,  although  high  concentrations  (above  1  mM)  inhibited  fairly  rapidly. 
It  is  now  known  that  the  principal  reaction  of  iodoacetate  with  these  en- 
zymes is  an  alkylation  of  sulfhydryl  groups  and  that  certain  of  these  sulf- 
hydryl  groups  react  more  rapidly  than  others.  Inhibition  of  glycolysis  in 
intact  muscle  is  also  slow  and  the  question  arose  whether  this  delay  was 
due  in  part  to  the  penetration  of  iodoacetate  into  the  tissue.  Meyerhof  and 
Boyland  (1931)  determined  the  uptake  of  iodoacetate  in  frog  sartorius 
muscle  simultaneously  with  measurements  of  glycolytic  inhibition  (Fig.  12- 
26).  Uptake  was  almost  complete  between  20  and  30  min  but  glycolysis 
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continued  to  be  inhibited  progressively  for  some  time  afterward  at  room 
temperature,  whereas  at  P  both  processes  were  slowed  and  would  appear 
to  run  equivalent  courses.  lodoacetate  reached  levels  in  the  muscle  about 
1.5  times  that  in  the  medium  and  about  half  of  this  could  be  removed  by 
prolonged  washing  of  the  muscle.  Thus  the  uptake  curves  presumably 
record  both  reacted  and  free  iodoacetate.  It  is  therefore  difficult  to  decide 
if  the  penetration  of  the  iodoacetate  through  the  cellular  membranes  is 
an  important  factor  in  the  kinetics.  It  is  perhaps  safe  to  conclude  with 
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Fig.  12-26.  Uptake  of  iodoacetate  by  frog  sartorius  muscle  and  the  resulting  inhi- 
bition of  glycolysis  at  two  difierent  temperatures.  The  solid  lines  represent  the  uptake 
and  the  dotted  lines  the  depression  of  the  lactate  formation.  (From  Meyerhof  and 

Boy  land,    1931.) 


Meyerhof  and  Boyland  that  both  penetration  and  reaction  with  enzymes 
contribute.  Comparing  these  results  with  those  of  Lohmann  (1931)  on 
muscle  extracts,  one  would  be  inclined  to  attribute  the  major  part  of  the 
delay  to  the  slow  alkylation  of  the  enzymes.  Ghaffar  (1935)  investigated 
this  question  by  the  determination  of  the  time  course  of  iodide  release  from 
iodoacetate  during  the  alkylation  reactions  in  the  muscle  (Fig.  12-27). 
It  is  evident  that  an  appreciable  inhibition  of  glycolysis  occurred  before 
much  iodide  was  released;  in  fact,  after  complete  glycolytic  block,  iodide 
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continued  to  be  released  for  several  hours.  The  difficulty  of  interpretation 
here  lies  in  the  fact,  as  mentioned  above,  that  there  are  many  different 
sulfhydryl  substances  in  the  cell  and  their  reactivity  with  iodoacetate  varies 
greatly.  As  a  consequence,  it  is  possible  to  assume  that  the  course  of  gly- 
colytic inhibition  measures  the  reaction  of  iodoacetate  with  especially 
susce]:)tible  sulfhydryl  groups  on  phosphoglyceraldehyde  dehydrogenase 
and  that  the  bulk  of  the  alkylation  results  from  reaction  wnth  "nongly- 
colytic"  sulfhydryl  groups. 
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Fig.   12-27.  Release  of  iodide  from   iodoacetate  in  frog  muscle  and  the  rate  of  inhi- 
bition of  glycolysis.  Iodoacetate  was   1   niM  and  the  temperature  was  40°.   (From 

Ghaffar,   1935.) 


The  inhibition  of  glycolysis  by  iodoacetate  in  Streptobacterium  casei 
was  studied  by  Field  and  Field  (1932  a,  b)  and  a  definite  latent  period  was 
demonstrated;  at  3.8  n\M  iodoacetate,  no  inliil)ition  was  noted  for  65  min, 
and  at  7.7  mM  the  latent  period  was  reduced  to  35  min.  These  results  would 
imply  a  permeability  barrier  of  some  importance  in  these  cells.  Once  the 
inhibition  begins,  the  course  is  as  shown  in  Fig.  12-28,  wliich  was  inter- 
preted as  bimolecular  but  it  could  just  as  well  be  rejn-esentative  of  a 
monomolecular  reaction  or  a  bimolecular  reaction  with  one  reactant  in  ex- 
cess. Such  a  prolonged  latent  period  followed  by  rather  sudden  development 
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of  the  inhibition  might  indicate  an  initial  reaction  with  the  membrane  lead- 
ing to  a  breakdown  of  the  barrier,  in  which  case  the  curve  in  Fig.  12-28 
would  record  the  rate  of  reaction  with  the  glycolytic  enzymes. 

The  action  of  iodoacetate  on  nerve  axons  is  definitely  limited  by  a  slow 
rate  of  penetration  into  the  cells.  At  a  concentration  of  1.4  mM  iodoace- 
tate causes  a  slow  fall  in  the  respiration  over  6  h,  while  concentrations 
as  high  as  50-70  mM  have  little  effect  within  an  hour  (Chang  and  Gerard, 
1933).  If  the  nerve  sheath  was  split,  the  inhibition  occurred  more  rapidly, 
proving  directly  that  a  permeability  barrier  was  present,  but  even  then 
the  rate  of  inhibition  was  not  very  rapid  so  that  some  delay  resulted 
from  the  intracellular  reactions  also.  Isolated  brain  behaves  similarly  and 
exhibits  a  latent  period  that  is  inversely  proportional  to  a  low  power  of  the 
iodoacetate  concentration,  as  shown  in  rat  cortex  slices  by  Fuhrman  and 
Field  (1943).  Tlie  tabulation  below  has  been  assembled  from  their  curves. 


Iodoacetate 

Latent 

°o    Inhibition   3 

hr   after   iodoacetate 

concentration 

period 

(m.¥) 

(min) 

Respiration 

Glycolysis 

O.Ul 

90 

12 

46 

0.05 

68 

31 

— 

0.1 

50 

42 

61 

0.5 

45 

48 

— 

1 

40 

52 

68 

5 

20 

62 

— 

10 

12 

67 

78 

50 

8 

72 

— 

Actually  the  latent  period  is  somewhat  shorter  for  glycolysis  than  for  res- 
piration, which  might  be  expected  on  the  basis  that  the  respiratory  depres- 
sion follows  secondarily  to  the  glycolytic  inhibition.  When  the  brain  tissue 
was  made  into  a  cell-free  brei,  the  latent  period  was  not  reduced;  this  sur- 
prising observation  would  indicate  the  unimportance  of  penetration  in 
determining  the  rate  of  inhibition,  but  certainly  such  long  latent  periods  in 
cell-free  preparations  are  contrary  to  what  has  been  observed  in  muscle 
and  other  tissue  extracts.  When  the  pH  was  lowered  from  7.3  to  5.8,  the 
latent  period  was  shortened  and  Fuhrman  and  Field  felt  this  might  impli- 
cate permeability  factors,  but  actually  all  that  is  done  by  lowering  the 
pH  is  to  increase  the  concentration  of  the  permeant  undissociated  acid  and 
either  penetration  or  reaction  with  enzymes  would  be  expected  to  be  in- 
creased. 

Rate  studies  of  metabolic  inhibition  have  occasionally  been  used  in  con- 
junction with  measurements  of  functional  depression  in  order  to  determine 
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if  any  correlation  exists  between  the  metabolic  pathways  disturbed  and 
the  activity  of  the  cell.  Holmes  (1933)  perfused  frogs  with  media  containing 
iodoacetate  at  different  concentrations  and  found  that  the  glycolysis  was 
inhibited  fairly  rapidly  (Fig.  12-29)  in  the  brain,  followed  by  a  fall  in  the 
creatine  phosphate  levels.  However,  nerve  function,  as  evidenced  by  the 
ability  to  respond  to  strychnine,  did  not  fall  appreciably  during  this  phase 
and  began  to  be  depressed  only  after  glycolysis  was  90%  blocked,  after 
which  it  decreased  linearly  to  a  complete  loss  of  function.  Nevertheless,  it 
is  not  justifiable  to  conclude  that  function  is  unrelated  to  glycolysis  or 


0           20         40          60 
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Fig.  12-28  Inhibition  of  glycolysis  in  Streptobacterium 
casei  by  iodoacetate  (1.1  milf).  This  curve  does  not 
include  the  long  latent  period  before  inhibition  begins. 
The  bimolecular  rate  constant.  ^^  would  be  6.9  X  lO-"* 
or  the  bimolecular  rate  constant  (with  one  reactant  in 
excess)  would  be  40  liters  mole~^  niin~^  (From  Field 
and  Field,  1932  b.) 


creatine  phosphate.  In  the  first  place,  one  does  not  know  just  how  far  it 
is  i3ossible  to  lower  glycolysis  or  creatine  phosj^hate  without  disturbing  the 
function;  a  fair  margin  of  safety  might  occur  in  normal  tissue.  In  the  second 
place,  it  is  now  known  that  it  is  probably  not  the  creatine  phosphate  level 
which  is  functionally  important,  but  the  level  of  ATP,  which  can  remain  at 
near  normal  values  until  the  creatine  phosphate  has  fallen  below  a  critical 
concentration.  In  any  event,  such  behavior  illustrates  well  the  varying 
rates  at  which  different  processes  in  the  cell  can  be  altered  by  an  inhibitor. 
Iodoacetate  depresses  cardiac  function  slowly  and  an  attempt  was  made 
by  Gardner  et  al.  (1954)  to  elucidate  some  of  the  controlling  factors.  They 
determined  how  the  rate  of  inhibition  was  altered  by  changes  in  iodoace- 
tate concentration,  temperature,  and  beat  freciuency  (Fig.  12-30).  At  37° 
the  contractility  of  rabbit  atria  is  more  sensitive  to  iodoacetate  than  is 
the  spontaneous  rate  (curves  A  and  B)  and  a  difference  is  also  seen  in  the 
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way  an  increase  in  iodoacetate  concentration  accelerates  the  inhibition 
rate.  This  might  be  due  to  different  permeabilities  of  pacemaker  and  or- 
dinary atrial  cells  to  iodoacetate  but  is  more  likely  the  result  of  different 
degrees  of  dependence  of  the  functions  on  the  susceptible  metabolism. 
Since  the  lowest  concentration  used  (0.04  mM)  stopped  anaerobic  activity 
in  the  atria  within  5  to  10  min,  one  would  not  expect  an  increase  in  con- 
centration above  this  to  increase  the  rate  of  inhibition  under  aerobic  con- 
ditions. It  was  suggested  that  iodoacetate  might  have  a  second  action  in 
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Fig.  12-29.  Changes  in  the  frog  central  nervous  system  during  perfusion 
with  iodoacetate.  Inhibition  of  glycolysis  is  indicated  by  the  curve  for 
lactate  and  this  is  followed  by  a  fall  in  creatine  phosphate  (CrP).  The  ac- 
tivity was  measured  by  the  response  to  strychnine.  (From  Holmes,  1933.) 


addition  to  the  inhibition  of  glycolysis,  and  that  this  second  action  might 
play  the  major  role  in  functional  depression  aerobically.  Since  glycolysis 
does  not  appear  to  be  very  important  in  cardiac  tissue  under  aerobic  con- 
ditions and  most  of  the  energy  for  function  is  derived  from  the  oxida- 
tion of  lipids,  it  is  possible  that  this  second  action  is  on  fatty  acid  oxi- 
dation or  more  likely  on  the  tricarboxylic  acid  cycle.  These  points  will 
be  discussed  in  detail  in  the  chapter  devoted  to  iodoacetate  inhibition.  The 
effect  of  increasing  frequency  of  the  beat  on  the  rate  of  inhibition  can  be 
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interpreted  in  two  immediately  obvious  ways.  Either  the  increased  number 
of  membrane  depolarizations  allows  the  iodoacetate  anion  to  penetrate 
more  rapidly,  or  the  increased  functional  activity  exerts  a  greater  metabolic 
demand  and  consequently  depletes  the  tissue  more  rapidly  of  energy- 
rich   substances. 


240 


TIME  FOR  50% 
REDUCTION  IN 
CONTRACTILITY 


TEMP- 


Fig.  12-30.  Effects  of  various  factors  on  the  rate  of  action 
of  iodoacetate  on  rabbit  atria.  (From  Gardner  et  at.,  1954.) 
Curve  A,  effect  of  iodoacetate  concentration  on  the  atrial 
rate.  Cin-ve  B,  effect  of  iodoacetate  concentration  on  the 
amplitude  of  the  contraction.  Curve  C,  effect  of  stimulus 
frequency  on  the  response  of  contraction  to  iodoacetate. 
Curve  D,  effect  of  temperature  on  the  response  of  con- 
traction to  iodoacetate. 


{D)  Effects  of  heavy  metal  ions  on  diaphragm  respiratio)) .  One  of  the  most 
thorough  studies  of  the  factors  involved  in  the  kinetics  of  a  cellular  inhi- 
bition was  done  l)y  Demis  and  Rothstein  (1955).  They  found  that  the  up- 
take of  glucose  by  rat  diaphragm  muscle  was  very  sensitive  to  Hg+"^  (it 
will  be  convenient  to  designate  mercury  in  this  way  although  most  of  the 
metal  in  solution  exists  in  complexes  with  anions),  0.2  mil/  inhiluting  al- 
most completely  in  20  min  (Fig.  12-31).  Respiration,  on  the  other  hand, 
was  much  less  sensitive  to  Hg"*""^;  a  lag  period  of  over  30  min  was  observed 
before  any  inhilntion  occurred  and  after  2  lir  the  inhibition  had  reached 
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a  steady  level  of  around  30%.  Using  different  concentrations  of  Hg++,  it 
was  shown  that  glucose  uptake  was  about  10  times  more  sensitive  to  Hg^"^ 
than  was  the  respiration.  However,  the  respiration  of  homogenates  of  dia- 
phragm was  inhibited  fairly  rapidly,  there  being  no  lag  period  and  a  maximal 
effect  occurred  within  20  min.  The  lag  period  and  the  slow  rate  of  respiratory 
inhibition  would  thus  indicate  a  delay  in  the  penetration  into  the  cells.  The 
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Fig.  12-31.  Inhibition  of  the  ghicose  uptake  and  the  respiration  of  rat 
diaphragm  by  HgClg  and  CuC'lj.  (From  Demis  and  Rothstein,  1955.) 


uptake  of  glucose  probably  involves  reactions  occurring  at  the  surface  of 
the  cells  and  thiLS  is  inhibited  more  readily  than  the  respiration.  Confir- 
mation for  this  was  obtained  l)y  histochemical  localization  of  Hg++  after 
exposure  of  the  tissue  for  varying  periods  of  time.  There  was  a  tendency 
for  the  metal  to  be  concentrated  initially  at  the  cell  boundaries  with  pene- 
tration into  the  cells  occurring  later,  the  rates  of  these  processes  correspond- 
ing well  to  the  inhibitions  of  glucose  uptake  and  res])iration.  The  uptake 
of  Hg-^o^  by  diaphragm  was  then  determined  and  found  to  obey  first-order 
kinetics  for  tlie  first  20  to  30  min.  Tlie  final  concentration  of  Hg+"^  in  the 
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cells  was  about  100  times  that  in  the  medium  indicating  that  most  of  the 
metal  in  the  tissue  is  bound  to  some  cell  components.  Of  course,  in  dia- 
phragm, or  any  other  tissue,  if  the  respiration  is  mainly  dependent  on 
exogenous  glucose,  the  oxygen  uptake  will  be  inhibited  because  of  the 
depression  of  glucose  uptake  into  the  cells,  so  that  exogeneous  glucose  res- 
piration should  be  more  sensitive  to  Hg"*""*"  than  endogenous  respiration 
would  be. 

The  effects  of  Cu^"^  were  different  in  some  respects  from  those  of  Hg"*""*" 
(Fig.  12-31).  The  latent  period  in  the  inhibition  of  respiration  was  even 
more  pronounced,  perhaps  indicating  a  slower  penetration  into  the  cells, 
but  the  respiration  eventually  was  inhibited  more  strongly  than  the  uptake 
of  glucose.  It  is  quite  possible  in  the  case  of  both  of  these  metals  that  the 
early  binding  to  the  cell  membranes  gradually  altered  the  permeability 
properties  until  the  metals  could  penetrate  more  readily  into  the  cells. 
The  lag  period  might  then  be  interpreted  as  the  time  required  for  the  mem- 
branes to  be  sufficiently  damaged  to  allow  penetration. 

{E)  Inhibition  of  cJioI  in  esterase  in  erythrocytes.  The  kinetics  of  the  inhibi- 
tion of  acetylcholinesterase  in  the  red  blood  cells  of  the  goat  were  studied 
by  Aldridge  (1950),  using  organic  phosphates  such  as  E-600  (p-nitrophenyl 
diethylphosphate).  The  inhibition  rate  followed  that  expected  from  a 
bimolecular  reaction  where  one  of  the  reactants  is  in  excess  (Fig.  12-32). 
There  was  no  evidence  at  all  that  the  erythrocyte  membrane  was  in  any 
way  influencing  the  course  of  the  reaction,  the  kinetics  being  those  to 
be  expected  if  the  enzyme  were  in  true  solution.  When  the  time  to  produce 
50%  inhibition  was  plotted  against  the  reciprocal  of  the  inhibitor  concen- 
tration, a  straight  line  was  obtained.  An  equation  related  to  12-16  was 
applied,  which  is  justifiable  because  of  the  irreversibility  of  the  inhibition. 
For  50%  inhibition,  this  equation  may  be  rewritten  as: 

kt.Jl)  =  -  In  0.5  =  0.69  (12-87) 

where  f „  5  is  the  time  to  produce  this  degree  of  inhibition,  so  that  a  plot 
of  ?o  5  against  1/(1)  should  give  a  straight  line  with  slope  0.69/A-.  The  rate 
constant  was  calculated  as  1.1x10^  liters  mole^^  min~^.  Thus  in  this  case 
it  was  possible  to  investigate  accurately  the  inhibition  of  an  enzyme  within 
cells,  demonstrating  that  penetration  factors  do  not  invariably  complicate 
the  kinetics. 

RATES  OF  LETHAL  ACTION  IN  A  CELL  POPULATION 

When  the  rate  of  action  of  an  inhibitor  is  investigated  by  determinations 
of  the  time  course  of  the  lethal  effect  on  a  population  of  cells  or  organisms, 
complications  are  introduced  into  the  interpretation  of  the  data  in  terms 
of  the  primary  inhibitory  reactions  because  of  the  natural  variation  in  the 
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susceptibilities  of  the  cells  or  organisms  to  the  inhibitor.  A  curve  obtained 
by  plotting  the  fraction  of  cells  killed  (or  surviving)  against  the  time  of 
exposure  to  the  inhibitor  cannot  be  interpreted  directly  as  an  expression 
of  inhibition  rates.  With  respect  to  a  single  cell,  one  is  dealing  here  with 
an  all-or-none  phenomenon,  namely  the  death  of  the  cell,  and  the  course 


'0  30 

TIME  (MIN) 


IXIO 


0  25  50 

TIME  (MIN)    FOR  50%  INHIBITION  - 


75 


100 


Fig.  12-32.  Inhibition  of  goat  erythrocyte  acetylchoHnesterase  by 
p-nitrophenyl  diethylphosphate  (E-600).  The  upper  curves  show 
the  effect  of  the  inhibitor  concentration  on  the  rate  of  inhibition. 
Curve  A,  1.04  x  10-^  niJf;  curve  B,  1.95  X  IQ-^  mM;  curve  C, 
3.90  X  10-^  mM;  curve  D,  4.16  X  10-^  mM;  curve  E,  7.80  X  lO-^ 
m^M.  The  lower  plot  (Eq.  12-87)  enables  the  bimolecular  rate  con- 
stant to  be  determined  {k  =  1.1  X  10^  liters  mole-^  min-^). 


of  the  effects  within  the  cell  leading  to  death  is  not  measured.  To  illustrate 
this  let  us  take  an  extreme  case.  Assume  that  each  cell  in  the  poi^oulation 
has  the  same  susceptibility  to  the  inhibitor.  In  the  presence  of  a  lethal 
concentration  of  the  inhibitor,  all  of  the  cells  would  die  simultaneously 
after  a  latent  period  determined  by  all  the  rates  of  the  processes  induced 
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by  the  inhibitor  and  progressing  to  death.  However,  since  it  appears  that 
all  cell  populations  show  some  type  of  variation  between  the  individual 
cells,  the  rate  at  which  the  cells  die  will  be  determined  solely  by  this  va- 
riation. The  absolute  latent  period  1)efore  any  cell  deaths  occur  will  be  the 
only  measure  of  the  rate  at  which  tlie  inhibitor  penetrates  into  the  cells 
and  exerts  its  final  effect. 

The  problem  of  the  relationslii])  lietween  the  nature  of  the  variation  in 
susceptibility  and  the  time  course  of  the  lethal  action  will  now  be  consid- 
ered. If  the  distribution  of  susceptibility  is  symmetrical  around  the  mean 
susceptibility  (Fig.   12-33,  curve  A),  a  characteristically  symmetrical  sig- 
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Fig.  12-33.  Different  distributions  of  susceptibility  in  cell  popu- 
lations. Curve  A  represents  a  symmetrical  distribution  (Eq.  12-88) 
with  a  =  1    and   6  =  0.1.    Curves    B    and  C  show  hypothetical 
skewed  distributions. 


moid  curve  for  the  death  rate  is  obtained  (Fig.  12-34,  curve  A).  It  is  as- 
sumed here  that  the  mean  susceptibility  is  such  that  the  greatest  number 
of  cells  die  at  20  min  after  exposure  to  the  inliibitor.  and  the  curve  is 
plotted  according  to  the  equation: 

n  =  ae-"''  (12-88) 


where  »  =  number  of  cells  dying  at  any  time  t,  and  a  and  6  are  constants 
that  determine  the  form  of  the  distrilnition  curve.  This  form  of  equation 
is  usually  accepted  as  representing  most  natural  or  luological  distributions. 
For  the  sake  of  simplicity,  it  has  been  assumed  that  there  is  no  absolute  la- 
tent period,  i.e.,  that  the  most  susceptible  cells  begin  to  die  immediately. 
If  the  variation  is  not  symmetrical  Init  is  skewed  as  in  curve  B  of  Fig.  12-32, 
the  death  rate  curve  will  be  altered  (Fig.  12-34,  curve  B).  If  the  distribution 
is  very  asymmetrical  as  in  curve  C  of  Fig.  12-33,  where  the  greatest  number 
of  cells  die   immediatelv  luit   more  resistant  cells  also  occur,   the  death 
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rate  is  no  longer  sigmoid  bnt  is  of  a  hyperbolic  or  exponential  form  (Fig. 
12-34,  curve  C).  This  latter  type  of  curve  actually  is  approached  in  some 
cases  and  most  of  the  published  data  indicate  that  the  variation  curve  is 
indeed  generally  skewed  to  the  left. 

Much  has  been  written  about  death  rates  that  obey  a  so-called  "mono- 
molecular"'  time  course  and  the  demonstration  of  such  often  has  been  in- 
terpreted in  terms  of  the  nature  of  the  reaction  of  the  lethal  agent  with  the 
cell  or  the  processes  that  this  reaction  produces.  Such  a  monomolecular 
death  rate  is  usually  adduced  by  obtaining  a  straight  line  when  the  loga- 
rithm of  the  fraction  of  surviving  cells  is  plotted  against  time.  It  should 
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Fig.    12-34.    Death   rate   curves   obtained   from   the    distribution 
curves  in  Fig.    12-33   bv  summation. 


be  evident  that  such  a  procedure  does  not  provide  information  about  the 
reaction  of  the  inhibitor  at  all  but  only  about  the  variation  between  the 
cells  or  organisms.  Plots  of  this  type  are  given  in  Fig.  12-35  for  tiie  distri- 
butions shown  in  Figure  12-33.  It  may  be  seen  that  the  curves  become  more 
linear  as  the  distribution  curve  is  more  skewed  to  the  left  and  that  a  truly 
linear  curve  is  obtained  only  from  the  extreme  distribution  of  curve  C. 
Linearity  of  such  curves  merely  implies  that  the  distribution  of  cells  more 
resistant  than  the  cells  of  the  commonest  susceptibility  is  exponential. 
Perhaps  the  first  work  clearly  showing  that  a  skew  variation  in  suscep- 
tibility to  an  inhibitor  can  account  for  apparent  monomolecular  behavior 
was  that  of  Peters  (1920).  Cultures  of  Colpidium  were  exposed  to  0.2  mM 
Hg++.  and  the  percentage  of  organisms  killed  after  different  time  intervals 
was  determined.  Figure  12-36  shows  the  curve  and  logarithmic  plot  of  the 
per  cent  survivors.  A  straight  line  was  obtained  between  10  and  45  min 
but  this  monomolecular  behavior  was  correctly  interpreted  as  arising  from 
a  variation  curve  actually  not  much  different  from  curve  C  in  Fig.  12-32 
with  a  latent  period  of  10  min.  The  forms  of  these  curves  thus  have  no  bear- 
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ing  on  the  nature  or  kinetics  of  the  inhibition  by  Hg++  but  only  show  that 
Hg'''+  kills  the  individual  cells  after  varying  periods  of  time. 

Variations  between  cells  in  tissue  preparations  can  likewise  modify  the 
rate  of  resi^onse  to  an  inhibitor.  Tissues  are  generally  studied  either  as 
slices  or  strips,  or  occasionally  isolated  and  intact,  but  in  all  cases  there 
is  significant  inhomogeneity.  In  the  first  place,  aside  from  the  cells  that  are 
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Fig.  12-35.  Plots  of  the  logarithm  of  the  .survivors  against  time  for 
the  distribution  curves  in  Fig.  12-33. 


primarily  being  studied,  there  are  connective  tissue  cells,  blood  vessel  cells, 
and  often  many  other  types.  In  the  second  place,  there  is  very  likely  to 
be  variation  between  the  primary  tissue  cells;  that  is,  in  isolated  uterine 
or  atrial  strips,  for  example,  the  smooth  muscle  or  myocardial  cells  are 
not  all  alike.  In  addition  to  histological  demonstrations  of  differences  there 
is  some  evidence  from  cellular  membrane  potentials  that  the  population 
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of  cells  in  a  contractile  tissue  is  quite  variable  ("Webb,  1956),  indicative  per- 
haps of  differences  in  membrane  permeability,  ionic  distribution,  and  me- 
tabolically-linked  active  transport.  The  metabolism  of  such  preparations 
is  thus  made  up  of  contributions  of  varying  degree  from  these  different 
types  of  cells.  The  rate  at  which  an  inhibitor  produces  a  depression  of 
respiration  in  a  tissue,  for  example,  would  also  be  composite  in  nature, 
although  here  the  time  course  of  the  effect  would  depend  not  only  on  the 
variation  but  also  on  the  true  rate  of  inhibition.  In  addition  to  these  fac- 
tors, there  is  the  further  problem  of  the  penetration  of  the  inhibitor  into 
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Fig.   12-36.   Death  rate  curve  for  Colpidium  exposed  to  0.2  mM 
HgCla.   (From  Peters,   1920.) 

the  inner  layers  of  the  tissue.  Certainly  many  inhibitors  do  not  rapidly 
reach  the  cells  within  a  tissue  or  tissue  slice  when  applied  in  the  medium 
bathing  the  preparation,  and  this  would,  of  course,  make  the  observed  rate 
deviate  even  more  from  the  fundamental  rate  of  inhibition  in  which  one  is 
interested. 


CONCENTRATION-TIME  CURVES  FOR  INHIBITION 

A  common  method  of  expressing  inhibition  kinetics  has  been  to  plot  the 
concentration  of  the  inhibitor  against  the  time  required  to  produce  a  chosen 
effect.  These  curves  have  often  been  fit  by  a  general  equation  of  the  type: 

[(I)  -  {l)J,"[t  -  t„:j  =  C  (1-2-89) 

where  (I),„  is  the  minimal  inhibitor  concentration  to  produce  the  effect  and 
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t„i  is  the  minimal  time  in  which  the  effect  can  Vje  produced  whatever  the  in- 
hibitor concentration  (Fig.  12-37).  Either  (!),„  or  ^,„  may  be  negligible  and 
can  be  omitted;  indeed,  the  data  are  occasionally  expressed  adequately  by 
the  simple  equation: 

(1)"/  =  C 


Taking  the  logarithm  of  each  side  and  transposing: 

log  t  =  log  C  —  n  log(l) 


(12-90) 


(12-91] 


(I'm' 

\          \a)-a)^'^[t-x^^z 

1                              ♦ 
1                              ^^ 

!                   * 

(I) 


Fig.  12-37.  Illustration  of  a  plot  of  Eq. 
12-89  where  (1)^  is  the  minimal  inhibitor 
concentration  to  produce  an  effect  and 
<„(  is  the  minimal  time  in  which  an  effect 
can  be  produced. 


so  that  a  plot  of  log  t  against  log  (I)  should  give  a  straight  line  of  slope 
—  n  and  intercept  log  C  if  this  equation  is  obeyed  (Fig.  12-38).  The  effects 
of  variation  in  the  constant  n  on  the  form  of  the  curves  is  shown  in  Fig. 
12-39,  for  which  the  log-log  plots  are  presented  in  Fig.  12-40.  As  n  increases, 
the  curves  approach  more  readily  the  (I)  axis  and  the  minimal  radius  of 
curvature  decreases.  All  curves  must  pass  througii  the  point  where  (I)  is 
unity  because  the  exponential  factor  has  no  significance  here.  The  value 
of  n  is  easy  to  determine,  as  is  the  value  of  C;  the  difficulty  arises  when 
an  attempt  is  made  to  place  some  physical  interpretation  on  these  constants. 
It  is  evident  that  if  (!),„  or  t,„  or  both  are  significant,  a  plot  of  log  t  against 
log  (I)  will  not  give  a  straight  line  (Fig.  12-41,  curve  A),  so  that  in  order 
to  test  the  validity  of  this  type  of  equation  in  such  cases,  it  is  necessary 
to  plot  log  [(I)  -  (I),J  or  log  {t  -  tj  (Fig.  12-41.  curve  B). 
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Fig.  12-38.  Logarithmic  plot  of  concentratioii- 
time  curve  (Eq.   12-91). 


Fig.  12-39.  Effect  of  the  variation  of  the  constant  n  on  the  form  of  concentration- 
time  curves  (Eq.  12-90).  C  =  10. 
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Examples   of  Concentration-Time    Relationships 

The  lethal  action  of  Cu++  on  Nitella  is  expressed  fairly  well  by  the  equa- 
tion (Cu'*"'")"^  =  C,  where  n  is  about  0.33,  and  the  plots  of  log  t  against 
log  (Cu+"^)  are  straight  lines  to  the  first  approximation  (Cook,  1926  c). 
The  killing  of  paramecia  by  arsenite,  however,  requires  the  equation 
[(I)  -  (I),J"^  =  C,  where  (!),„  =  1  mM,  n  =  1.38.  and  C  =  1.21  M  min 
(Neuschlosz,    1919),   these   value   being  obtained   from   the   linear  log-log 


Fig.  12-40.  Logarithmic  plots  of  the  concen- 
tration-time curves  in  Fig.  12-39  (Eq.  12-91). 


plot  (Fig.  12-42).  It  may  be  noticed  that  actually  the  experimental  points 
could  be  connected  somewhat  better  by  a  curve  concave  downwards,  so 
that  the  above  equation  is  only  an  approximate  expression  of  the  kinetics. 
Comparison  between  different  members  of  a  series  of  compounds  can  also 
be  made  on  such  graphs.  The  killing  of  trypanosomes  by  various  arsenicals 
provided  kinetics  that  gave  quite  linear  log-log  plots  (Hawking,  1938) 
as  shown  in  Fig.  12-43.  The  constants  calculated  are  shown  in  the  following 
tabulation. 
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Arsenical 

(mil/) 

n 

C 

Phenylarsenoxide 
Reduced  tryparsamide 
Xovarsenobillon 
Arsenite 

0.36x10-5 

1.7x10-5 

2.5x10-5 

177x10-5 

1.04 
0.50 
0.60 
0.77 

0.016 
2.04 
3.55 
21.9 

(I)   OR  [(I)-(I)J 


100 


Fig.   12-41.  Logarithmic  plots  of  Eq.  12-89.  In  curve  A,  t 

is  plotted  again.st  (I),  and  in  curve  B,  (t  —  f,„)  is  plotted 

against  [(I)  —  (!)„].    (I),„  =  3,  t„  =  2,  and  C  =  10. 

The  marked  differences  in  the  rates  of  inhibition  and  the  potencies  of  these 
compounds  are  well  illu-strated  by  these  constants  in  an  equation  of  the 
type  [(I)  —  (I)„J"^  ==  C.  It  was  shown  that  the  delay  in  the  killing  action 
was  not  due  to  fixation  of  the  substances,  since  this  was  relatively  rapid, 
but  to  intracellular  processes,  probably  including  the  time  required  for 
the  arsenical  to  react  with  the  susceptible  enzymes  and  the  subsequent  pro- 
cesses leading  to  the  death  of  the  cells. 


Interpretation   of  Concentration-Time  Curves 

There  is  no  question  but  that  concentration-time  curves  allow  kinetic 
data  to  be  presented  in  a  compact  and  useful  form  and  that  the  fitting  of 
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such  curves  to  equations  of  the  types  discussed  provides  constants  tliat  can 
be  used  to  characterize  inhibitors.  However,  there  is  some  doubt  that  nuicli 
vahiable  information  about  the  mechanisms  involved  can  l^e  obtained  by 
these  means.  Let  us  see  first  what  types  of  curves  would  be  expected  from 
the  simple  inhibition  of  isolated  enzymes.  An  irreversible  inhibition  (reac- 
tion 12-15)  rate  can  be  expressed  as: 


1000 


TIME  (MINUTES)- 


FiG.   12-42.  Log-log  plot  of  the  concentration-time  curve  for  the  killing  of  paraniecia 

by  arsenite.  [(I)  —  (I)„J"<  =  C  where  n  =  1.38.  (I)„,  ^  1  mM  and  C  =  1.21   moles/ 

liter/min.  The  points  are  from  the  data  of  Xeuschlosz  (1919). 


so  that  for  anv  degree  of  inhibition: 


(IK 


1 


1 


(12-92) 


and  thus  {l)t  =  constant.  For  50%  inhibition,  {l)t  =  0.693/A'i.  If  n  mole- 
cules of  inhibitor  reacted  with  each  molecule  of  enzyme  to  produce  the  in- 
hibition, E  -\-  nl  ->  EI,,,  the  relation  (I)"^  =  C  should  be  obeyed.  However, 
a  reversible  inhibition  (reaction  12-8)  where  the  inhibition  is  (riven  bv: 


i^  [I    _  (.-/Cit[{i)+Ki] 


(12-93) 
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would  not  conform  so  simply  and: 


(IK 


h 


K,t 


(12-94) 


Since  if  usually  is  dependent  on  (I)  and  t  occurs  on  the  right  side  of  the 
equation,  the  log-log  plot  will  not  be  linear.  This  deviation  from  linearity 
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Fig.  12-43.  Log-log  plots  of  the  concentration-time  curves  for 
the  killing  for  tjiianosomes  by  various  arsenicals.  Time  for 
90°  o  mortality.  (From  Hawking.  1938.)  Curve  A,  arsenite; 
curve  B.  Xeoarsphenamine;  curve  C,  reduced  tryiiarsamide; 
curve   D,  phenylarsenoxide. 


is  shown  in  Fig.  12-44,  where  curve  A  represents  an  irreversibile  inhibition 
and  curve  B  a  similar  reversible  inhibition.  The  deviation  occurs  principally 
at  lower  inhibitor  concentrations  where  K^  contributes  to  the  exponential 
factor  in  Eq.  12-93  and  the  final  inhibition  does  not  approach  completion. 
In  competitive  inhibition,  further  complications  arise,  and  there  are  many 
other  reasons  for  the  kinetics  to  deviate  from  the  simple  (I)"^  =  C  type  of 
equation.  If  enzyme  inhibition  itself  is  capable  of  presenting  so  many  dif- 
ferent sorts  of  behavior,  it  would  be  expected  that  cellular  inhibition  ki- 
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netics  would  be  too  complex  to  be  interpretable  by  concentration-time  re- 
lationships. 

The  problem  here  is  the  same  as  in  the  interpretation  of  any  kinetic 
data  —  before  the  results  can  be  related  to  any  mechanism  of  inhibition, 
it  must  be  definitely  shown  that  the  time  intervals  measured  refer  to  the 
primary  inhibition.  There  are  several  factors  that  can  lead  to  straight  lines 
when  log  (I)  is  plotted  against  log  t.  Penetration  of  a  substance  into  a  cell 
would  be  expected  to  conform  to  this  pattern.  Indeed,  it  has  been  shown 


1000 


1000 


Fig.  12-44.  Log-log  plots  of  concentration-time  curves  for  inhi- 
bition of  enzymes.  A',  =  5  ml/,  k^=  1,  C  =  700,  and  i  =  0..5. 
Curve  A,  irreversible  inhibition  (Eq.  12-92);  curve  B,  reversi- 
ble inhibition  (Eq.  12-94). 


that  the  entrance  of  cresyl  blue  into  Nitella  cells  is  expressed  by  the  Eq. 
[(dye)  —  0.7](^  —  0.6)  =  102,  where  the  concentration  is  in  units  of  10^^  M 
and  the  time  is  in  minutes  (Irwin,  1925),  and  that  the  log-log  plots  are  lin- 
ear. Variation  in  a  population  of  cells  could  also  provide  data  on  killing 
rates  by  inhibitors  that  would  fit  such  a  formulation,  and  it  is  quite  likely 
that  the  trypanocidal  action  of  the  arsenicals  (Hawking,  1938)  discussed 
in  the  previous  section  belongs  in  this  category,  inasmuch  as  fixation  of 
the  inhibitors  seems  to  be  quite  rapid. 

The  value  of  the  exponential  n  in  equations  of  type  {I)"t  =  C  is  also  not 
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directly  interjpretable  in  terms  of  any  one  rate  process  or  mechanism. 
For  example,  if  n  is  found  to  be  less  than  one,  various  explanations  might 
be  found,  including  (1)  reversible  processes  of  inhibition  or  penetration, 
(2)  competitive  inhibition,  (3)  nonlinearity  of  internal  inhibitor  concen- 
tration relative  to  the  external  concentration,  and  (4)  delay  in  action  of  the 
inhibitor  on  the  response  measured  because  of  intracellular  events  subse- 
quent to  the  inhibition  and  leading  to  the  response.  This  latter  factor  is 
probably  of  major  importance  when  measurements  are  made  of  functional 
or  terminal  effects  of  the  inhibitors.  It  is  evident  that  as  the  inhibitor  con- 
centration is  increased,  beyond  a  certain  point  there  will  not  be  a  marked 
reduction  in  the  time  required  to  produce  the  chosen  response,  because 
this  time  will  be  mainly  dependent  on  intracellular  events  whose  rates  are 
not  directly  proportional  to  the  inhibitor  concentration  or  the  degree  of 
the  primary  inhibition.  Variations  in  n  could  also  be  produced  by  adapta- 
tions of  the  cells  to  the  inhibitor  in  long-term  experiments,  by  metabolism 
of  the  inhibitor  in  the  cells,  by  binding  of  the  inhibitor  to  nonenzymic  ma- 
terial, or  by  any  of  the  complicating  factors  considered  in  this  chapter. 
The  expression  of  inhibition  in  concentration-time  curves  or  in  related 
equations  may  eventually  be  useful  when  it  is  combined  with  a  more  de- 
tailed investiga^:ion  of  the  processes  involved,  but  alone  it  does  not  lead  to 
reliable    conclusions. 


CHAPTER  13 

REVERSAL  OF  INHIBITION 


The  rates  at  which  inhibited  enzymes  may  be  reactivated  are  frequently 
quite  important  in  experimental  studies  of  inhibition  and  particularly  so 
when  the  inhibitors  are  administered  to  whole  animals.  This  is  evident 
when  one  considers  the  i^roblems  arising  in  the  clinical  use  of  the  irrevers- 
ible enzyme  inhibitors,  such  as  the  phosphofluoridates  (e.g.,  diisopropyl- 
fluorophosphate  or  DFP)  that  inhibit  cholinesterases,  or  certain  of  the 
hydrazine  derivatives  (e.g.  iproniazid)  that  inactivate  monoamine  oxidase. 
The  degree  of  reversibility  of  the  inhibition  in  the  tissues  of  patients  de- 
termines the  frequency  with  which  the  inhibitor  must  be  administered  to 
achieve  and  maintain  a  desired  level  of  effect,  the  duration  of  the  action 
when  the  administration  of  the  inhibitor  is  stopped,  and  often  the  effective- 
ness of  the  inhibitor  when  it  is  used  for  a  specific  purpose.  However,  even 
in  work  with  isolated  enzymes  or  cellular  preparations,  the  readiness  with 
which  the  inhibition  is  reversed  is  important.  The  kinetics  of  the  inhibi- 
tion, for  one  thing,  depend  on  whether  the  inhibition  is  rapidly  reversible 
or  not,  as  discussed  in  previous  chapters.  Most  kinetics  are  formulated  on 
the  principle  that  reversibility  occurs  and  that  mass-action  equilibria  are 
achieved.  When  reversal  is  slow,  it  may  be  impossible  to  reach  a  state  of 
true  equilibrium  if  the  enzyme  is  unstable  and  processes  of  inactivation 
proceed  concurrently  with  the  development  or  reversal  of  the  inhibition. 
In  any  quantitative  study  of  inhibition,  it  is  advisable  to  determine  the  re- 
versibility of  the  inhibition  or  of  the  effects  measured.  In  some  cases  the 
loss  of  enzyme  activity  may  be  associated  with  some  type  of  inactivation 
of  the  enzyme,  as  distinguished  from  simple  inhibition  due  to  the  binding 
of  the  inhibitor  to  the  enzyme  surface,  and  the  most  straightforward  way 
to  test  this  is  to  determine  the  degree  to  which  the  activity  can  be  restored 
by  the  removal  of  the  inhibitor.  Very  few  studies  have  been  made  of  the 
kinetics  of  inhibition  reversal  and  of  the  factors  that  may  influence  it,  and 
one  may  look  in  vain  in  most  of  the  treatises  on  enzymes  for  any  discussion 
of  this  phenomenon. 
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WAYS  IN  WHICH   REVERSAL  OF  INHIBITION   MAY  BE 

ACHIEVED 

Reactivation  of  an  inhibited  enzyme  may  occur  spontaneously  or  can 
be  brought  about  by  a  variety  of  techniques.  Some  of  the  conditions  allow- 
ing or  favoring  restoration  of  enzyme  activity  are  listed  here  and  later  will 
be  discussed  in  greater  detail. 

A.  Replacement  of  the  medium  bathing  the  enzyme  or  cells  with  medium 
free  of  the  inhibitor,  or  removal  of  the  inhibitor  by  dialysis. 

B.  Introduction  of  a  substance  that  binds  the  inhibitor  strongly  and 
removes  it  from  the  enzyme. 

C.  Displacement  of  the  inhibitor  from  the  enzyme  with  increased  con- 
centrations of  the  substrate,  in  case  the  inhibition  is  competitive. 

D.  Spontaneous  reactivation  brought  about  by  the  chemical  alteration 
and  si^litting  off"  of  the  inhibitor  through  the  catalytic  action  of  the  enzyme 
that  is  inhibited  (in  such  cases  the  inhibitor  is  often  structurally  related 
to  the  substrate  so  that  the  reversal  occurs  by  a  reaction  similar  to  that 
undergone  by  the  substrate  but  much  slower). 

E.  Introduction  of  a  substance  that  reacts  with  the  EI  complex  to  fa- 
cilitate the  reaction  and  removal  of  the  inhibitor. 

F.  Metabolism  of  the  inhibitor  by  enzymes  in  the  preparation  or  spon- 
taneous inactivation  of  an  unstable  inhibitor. 

G.  Addition  of  a  cofactor  or  coenzyme  in  those  cases  where  the  normally 
present  cofactor  or  coenzyme  has  been  inactivated  by  the  inhibitor. 

H.  Redistribution  of  the  inhibitor  from  the  enzyme  to  other  binding  sites 
which  do  not  pick  up  the  inhibitor  rapidly  but  yet  possess  a  high  affinity 
for  it. 

/.  Synthesis  of  new  enzyme  in  cells  where  the  inhibition  has  been  truly 
irreversible  and  the  enzyme  permanently  inactivated. 

There  are,  of  course,  other  ways  in  which  inhibition  can  be  reversed  but  they 
are  usually  relevant  to  special  cases  only  and  will  be  discussed  in  relation 
to  the  inhibitors  exhibiting  such  behavior.  For  example,  the  inhibition  of 
cytochrome  oxidase  and  respiration  by  carbon  monoxide  can  be  abolished 
by  light  which  dissociates  the  EI  complex.  Volatile  inhibitors,  such  as  hy- 
drocyanic acid,  can  be  removed  from  the  enzymes  by  bubbling  a  gas  mix- 
ture through  the  medium;  indeed,  in  work  with  cyanide,  care  must  te  tak- 
en so  that  the  concentration  of  the  inhibitor  does  not  decrease  during  the 
experimental  period  due  to  the  escape  of  hydrocyanic  acid  from  the  liquid 
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phase.  Reversal  of  the  changes  brought  about  by  inhibitors  in  the  complex 
metabolic  and  functional  processes  of  cells  and  tissues  will  be  examined  aft- 
er treatment  of  the  simpler  reactivations  observed  with  isolated  enzymes. 

DISSOCIATION  OF  THE  ENZYME-INHIBITOR  COMPLEX 

Reversal  of  mhibition,  either  of  enzymes  in  solution  or  within  cellular 
preparations,  can  usually  be  achieved  by  the  removal  of  the  inhibitor  from 
the  medium  in  which  the  enzymes  or  cells  are  studied.  If  the  binding  of  the 
inhibitor  to  the  enzyme  is  reversible,  the  inhibitor  will  dissociate  from  the 
enzyme  and  diffuse  away  along  a  concentration  gradient,  the  enzyme  ac- 
tivity progressively  increasing.  The  rate  of  the  reversal  will  depend  on  how 
effectively  the  concentration  of  free  inhibitor  can  be  maintained  at  a  low 
level  and  on  the  rate  constant  for  the  dissociation  of  the  EI  complex. 

Dissociation  of  the  El  Complex  When  Free  Inhibitor  Concentration  Is  Zero 
The  rate  of  dissociation  of  the  EI  complex,  according  to  the  reaction: 

EI  ^  E   -^  1  (13-1) 


k. 


can  be  expressed  as: 


dm) 
dt 


A-_i(EI)  (13-2) 


if  by  some  means  the  concentration  of  free  inhibitor  is  maintained  at  zero. 
Since   (EI)  =  i(E,),   this  may  also  be   written  as: 


dt 
which  is  directly  integratable  to: 


di 
-r  =  -  k_,i  (13-3) 


(13-4) 


where  i^  is  the  initial  inhibition  before  reversal  begins.  Thus  if  log  i  is 
plotted  against  time,  one  will  obtain  a  straight  line  from  the  slope  of  which 
the  rate  constant  may  be  determined. 

Occasionally  it  is  possible  to  calculate  the  rate  constant  for  the  com- 
bination of  the  inhibitor  with  the  enzyme  even  though  the  reaction  cannot 
be  followed  directly.  If  K^  is  found  from  the  usual  graphical  procedures, 
a  determination  of  k_j^  as  described  above  will  provide  a  value  for  the  as- 
sociation rate  constant  since  ^^  =  k_JK^.  The  reversal  of  inhibition  is  of- 
ten more  readily  measured  than  the  development  of  inhibition  because 
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the  former  reaction  may  be  sufficiently  slow  as  to  be  susceptible  to  the  ex- 
perimental techniques  available.  The  rate  of  inhibition  reversal  depends 
on  the  energy  of  activation  for  the  dissociation  of  the  inhibitor  from  the 
enzyme,  and  since  this  energy  is  greater  than  the  association  activation 
energy  by  an  amount  equivalent  to  the  over-all  free  energy  change,  gener- 
ally ki  >  k_i,  the  ratio  of  the  rate  constants  being  given  by: 

k_,lk,  =  e'^''"'^  (13-5) 

For  example,  if  the  free  energy  of  binding  is  —  4  kcal/mole,  it  is  easily 
calculated  that  k^^  is  only  1/645  of  k^.  Since  most  inhibitions  involve 
free  energy  changes  of  several  kcal/mole,  such  relations  between  the  rate 
constants  are  usual. 

It  is  perhaps  worth  noting  that,  rigorously  speaking,  it  is  technically 
impossible  to  maintain  the  free  inhibitor  concentration  at  zero  throughout 
the  enzyme  preparation  during  the  reversal  of  inhibition.  If  dialysis  is 
used  to  remove  the  inhibitor,  the  concentration  of  free  inhibitor  within  the 
dialysis  bag  is  usually  significant  in  case  the  dissociation  rate  of  the  EI 
complex  is  relatively  fast,  and  with  any  technique  it  is  impossible  to  pre- 
vent some  reassociation  of  released  inhibitor  molecules.  When  a  substance 
that  binds  the  free  inhibitor  is  added,  the  inhibitor  concentration  cannot, 
of  course,  be  reduced  to  zero.  Thus  reversal  experiments  invariably  involve 
some  assumptions  if  the  simple  interpretation  outlined  above  is  followed, 
but  frequently  these  deviations  from  ideal  behavior  are  quite  insignificant 
and  may  be  ignored.  Nevertheless,  it  is  well  in  studies  of  this  type  to 
consider  such  factors  and  determine  if  they  are  or  are  not  significant. 

Dissociation    of  the    El    Complex   When    Free    Inhibitor   Concentration    Is 

Not  Zero 

When  the  free  inhibitor  concentration  is  suddenly  decreased  to  a  lower 
value,  as  by  dilution  of  the  enzyme  solution,  the  inhibition  will  drop  to  a 
new  equilibrium  level,  providing  the  inhibition  is  reversible.  In  this  case, 
the  reverse  reaction  of  association  (Eq.  13-1)  must  be  taken  into  account 
and  the  following  rate  equations  may  be  written: 

^  A',(E)(I)  (13-6) 

I  +  k_,  ^^-  (13-7) 

A, 

where  (ly)  designates  the  final  concentration  to  which  the  inhibitor  has  been 
reduced.  Equation  13-7  may  be  integrated  to  give: 

i  =  if  +  {i^  -  if)  e-*-,«/(i-.7)  (13-8) 


dm) 
dt 

-  k-Am 

di 
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where  i^  is  the  initial  inhibition  and  ij  is  the  final  equilibrium  inhibition, 
i/ depending  on  (I^)  in  a  manner  characteristic  of  the  inhibition.  This  equa- 
tion reduces  to  Eq.  13-4  when  (If)  =  if  =  0.  Equation  13-8  is  plotted  in 
Fig.  13-1  for  various  values  of  (I^)  and  it  may  be  noted  that  the  rate  of 
inhibition  reversal  depends,  as  expected,  on  the  magnitude  of  the  decrease 
in  inhibition,  (?o  —  if)-  The   time  required  for  the  inhibition  to  fall  half 


TIME 


Fig.  13-1.  Rates  of  decrease  of  inhibition  when  the  inhibitor  concentration  is  sud- 
denly  reduced  to  various  levels  (Eq.   13-8).  (l)^  =  5  mM,  K^  =  1   mil/,  A-_i  =  0.1, 
and  i^  =  0.833.  Curve  A:  (I^)  =  3  mil,  t^.^  =  1.73;  curve  B:  (I,)  =  1  mM;  t^.^  =  3.46; 
curve  C:  (I,)  =  0,  t^.^  =  6.93. 


the  way  to  its  eventual  level,  t^  5,  increases  as  (I^)  is  reduced,  since  from 
Eq.   13-8: 

and  the  time  required  to  reach  final  inhibition  levels  varies  in  a  similar 
fashion.  That  is,  it  requires  more  time  to  reach  equilibrium  when  the  fall 
in  the  inhibition  is  large  than  w4ien  small,  even  though  the  rate  at  which 
the  inhibition  falls  is  greater  in  the  former  case. 

Let  us  for  a  moment  consider  the  effects  of  dilution  upon  inhibition  in 
various  systems.   The  results  will  depend  on  whether  the  inhibition   is 
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competitive  or  noncompetitive,  and  on  whether  we  are  dealing  with  mutual 
depletion  systems  or  not.  A  dilution  factor,  r,  is  defined  by  the  equation 
r  =  (Io)/(Iy)  and  thus  is  the  ratio  of  initial  to  final  inhibitor  concentrations. 
Initial  and  final  inhibitions  may  then  be  written  as: 


Noncompetitive: 


(I') 


(D  +  1 


d') 


d') 


(13-10) 


Competitive: 


(D 


(D  +  1  +  (S') 


(!') 


(D  +  r  +  (S') 


(13-11) 


The  effects  of  varying  degrees  of  dilution  on  the  final  inhibition  are  shown 
for  some  specific  cases  in  Fig.  13-2.  It  is  particularly  interesting  to  com- 
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Fig.  13-2.  Effects  of  varying  degrees  of  dilution  on  the  final  inhibition  (Eqs.  13-10 
and  13-11).  The  dilution  factor,  r,  is  equal  to  the  ratio  of  the  initial  and  final  inhibitor 
concentrations,  (Io)/(I/).  Noncompetitive:  curve  A,  K^  =  1  mil/,  (I)  =  5  mM;  curve  B, 
Ki  =  0.1  mM,  (I)  =  5  mM.  Competitive:  Curve  C,  Ki  =  0.1  mM,  K,  =  I  mM,  (I)  ^ 
0.5  mM,  and  (S)  =  1  mM;  curve  D,  K^  =  0.05  mM,  K,  =  1  milf ,  (I)  =  0.5  mM, 

and  (S)  =  1  mM. 


pare  curves  A  and  D  where  the  initial  inhibition  is  the  same;  dilution  is 
seen  to  be  more  effective  in  reducing  the  inhibition  in  noncompetitive  sys- 
tems than  in  competitive  ones.  The  reason  is  that  in  the  competitive 
case  the  substrate  concentration  is  also  reduced  by  dilution  and  the  sub- 
strate is  increasingly  less  effective  in  antagonizing  the  inhibition.  It  is 
also  worth  noting  that  the  larger  K^,  the  more  readily  will  dilution  reduce 
the  inhibition,  comparing  curves  A  and  B.  This  means  that  when  one  starts 
out  with  a  relatively  high  inhibition  in  a  noncompetitive  system,  it  requires 
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much  dilution  before  the  inhibition  is  markedly  reduced.  If  the  initial  in- 
hibition is  above  95%,  it  requires  at  least  a  hundred  fold  dilution  to  bring 
inhibition  down  to  33%.  Dilution  of  inhibited  systems  in  zones  B  and  C  in 
mutual  depletion  systems  has  been  discussed  in  Chapter  3.  This  may  be 
summarized  by  stating  that  the  greater  the  degree  of  mutual  depletion 
(i.e.,  the  more  the  system  approaches  zone  C  in  behavior),  the  less  effect 
will  dilution  have  on  the  inhibition. 

Straus  and  Goldstein  (1943)  discussed  quantitatively  the  effects  of  di- 
lution on  equilibrium  inhibitions  in  the  system  serum  cholinesterase-physo- 
stigmine  and  Goldstein  (1944)  extended  this  to  the  kinetics  of  dilution. 
The  experimental  data  on  inhibition  reversal  were  only  moderately  well 
described  by  an  equation  derived  on  the  basis  of  simple  dissociation.  The 
equation  used  is  equivalent  to  Eq.  13-8  although  it  is  expressed  in  quite 
a  different  form.  However,  more  than  simple  dissociation  of  the  EI  com- 
plex may  be  involved  here,  inasmuch  as  physostigmine  is  slowly  inacti- 
vated by  the  enzyme  (Easson  and  Stedman,  1936).  Also  the'  system  was 
not  always  completely  in  zone  A.  Thus  some  deviation  from  the  monomo- 
lecular  dissociation  kinetics  might  be  expected.  It  may  also  be  noted  that 
experimental  points  are  not  available  for  the  early  phases  of  the  reversal, 
the  first  readings  having  been  made  at  40  min,  at  which  time  the  inhibitions 
had  been  reduced  almost  to  their  final  equilibrium  levels. 

Inactivation  of  the  Enzyme   During  the  Experimental   Period 

Quantitative  determinations  of  the  reverisibility  of  inhibition  should 
include  control  tests  for  possible  changes  in  the  activity  of  the  enzyme  in 
the  absence  of  the  inhibitor.  Complete  reversal  would  not,  of  course,  be 
anticipated  in  those  cases  where  the  enzyme  is  unstable  and  spontaneously 
inactivated.  Unfortunately  this  procedure  does  not  reveal  secondary  inacti- 
vation of  the  enzyme  by  the  inhibitor.  For  this  purpose,  it  is  necessary 
to  determine  in  some  way  (e.g.,  by  chemical  or  radioactivity  analysis) 
if  the  inhibitor  has  actually  been  completely  dissociated  from  the  enzyme 
during  the  reversal  incubation  or  dialysis.  If  it  can  be  shown  that  no  inhi- 
bitor remains  and  yet  the  activity  has  not  returned  to  the  initial  value, 
it  is  strong  evidence  for  inactivation  in  addition  to  the  direct  effects  of  the 
inhibitor.  The  kinetics  of  a  system  in  which  the  enzyme  is  being  simulta- 
neously inactivated  as  it  is  recovering  from  inhibition  are  complex,  but  the 
behavior  may  be  readily  predicted.  In  general,  the  activity  at  any  time 
will  be  the  result  of  the  two  independent  processes  and  will  depend  on  their 
relative  rates. 
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COMPETITIVE    DISPLACEMENT    OF    THE    INHIBITOR    BY 

SUBSTRATE 

If  an  enzyme  and  a  competitive  inhibitor  are  incubated  so  that  a  con- 
stant equilibrium  inhibition  is  reached  and  substrate  is  then  added,  the  in- 
hibition will  fall  to  a  new  level.  The  initial  inhibition  will  be  given  by  the 
usual  noncompetitive  equation,  Iq  =  (r)/[(r)  +  1],  since  no  substrate  is 
present.  The  final  inhibition  after  the  substrate  is  added  will  be  given  by 
the  equation  for  competitive  inhibition,  if=  (r)/[(r)  +  1  +  (S')].  In  the 
over-all  reaction,  inhibitor  has  been  displaced  from  the  enzyme.  However, 
this  displacement  should  not  be  conceived  as  involving  an  active  partici- 
pation of  the  substrate.  The  substrate  molecules  do  not  force  the  inhibitor 
from  the  enzyme  but  only  combine  with  enzyme  molecules  that  are  not 
reacted  with  inhibitor.  The  displacement  thus  comprises  two  separate  reac- 
tions, the  dissociation  of  the  EI  complex  and  the  formation  of  the  ES  com- 
plex: 

k_, 
EI  ;^  E   +1  (13-12) 

E   +  S  ^  ES  (13-13) 

where  the  numerical  subscripts  of  the  rate  constants  conform  to  the  con- 
ventions of  this  and  the  last  chapter.  Since  the  reaction  of  the  substrate 
with  the  enzyme  is  usually  much  faster  than  the  dissociation  of  the  EI 
complex,  at  least  in  those  cases  that  can  be  dealt  with  experimentally,  the 
rate  of  the  displacement  and  the  time  required  to  achieve  the  new  equi- 
librium are  ordinarily  dependent  only  on  the  dissociation  rate  constant  k_^. 
A  simple  approximate  treatment  of  the  displacement  rate  can  be  based 
on  the  expression  for  the  rate  of  change  of  (EI): 

"^^^^^         ^-'   [(E,)  -  (ES)  -  (EI)](I)  -  k^,m)  (13-14) 


dt  Ki 

Assum.ing  that  the  equilibrium  of  the  enzyme  with  substrate  is  very  rapidly 
achieved  and  that  the  rate  of  breakdown  of  the  ES  complex  into  the  pro- 
duct is  relatively  slow  (i.e.,  when  the  enzyme  conforms  to  the  Michaelis 
formulation),  this  equation  may  be  integrated  with  the  boundary  condi- 
tions defined  by  the  values  of  i^  and  if  given  above  for  the  beginning  and 
end  of  the  displacement. 


.       .    (,    ,        (S')  r        k_,t         {!') 


(13-15) 
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This  equation  is  plotted  for  different  concentrations  of  added  substrate 
in  Fig.  13-3  and  the  general  form  of  the  curves  is  seen  to  be  similar  to 
that  found  for  dilution  (Fig.  13-1).  Actually  the  reversal  rates  are  quite 
comparable  in  the  two  cases  when  the  final  inhibition  reached  is  the  same, 
as  would  be  expected  since  dissociation  of  EI  is  the  determining  factor  in 
each. 


TIME 


Fig.  13-3.  Rates  of  displacement  of  the  enzyme-bound  inhibitor  by  the  sub- 
strate in  competitive  inhibition  (Eq.  13-1.5).  K^  =  I  mM,  K^  =  3  mM,  A,-_i  =  0.1, 
and  (I)  =  5  mil/.    Curve   A:    (S')  =  1;    curve   B:   (S')  =  5;   curve   C:    (S')  =  20; 

curve   D:    (S')  =  100. 


A  more  generalized  treatment  results  from  the  integration  of  Eq.  12-33 
after  rewriting  it  in  terms  of  the  dissociation  rate  constants  and  setting 
the  inhibition  at  zero  time  as  ?„. 


('''a 


if)  exp     - 


(!')  +  (S') 


[  (r)M-_,  +  (S')M-_i  J 


(13-16) 


This  equation  is  of  the  same  form  as  Eq.  13-8  except  for  the  exponential 
factor.  An  equation  with  the  same  exponential  factor  was  derived  by  Gold- 
stein (1944)  for  the  displacement  of  physostigmine  from  cholinesterase  by 
acetylcholine.  However,  the  rest  of  his  equation  differs  from  that  presented 
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here  because  he  assumed  that  the  activity  was  zero  at  the  start  of  the 
displacement. 

The  difference  between  the  assumptions  of  Goldstein  and  those  made  in 
the  present  treatment  is  easily  explained.  If  the  rate  of  combination  of  the 
substrate  with  the  enzyme  is  slow  so  that  the  rise  in  activity  is  related  to 
this  as  well  as  to  the  dissociation  of  the  EI  complex,  then  the  activity 
must  be  set  equal  to  zero  at  the  start,  as  Goldstein  did.  Here  we  assume 
that  the  reaction  of  the  substrate  with  the  enzyme  is  rapid  and  is  com- 
plete before  appreciable  loss  of  the  inhibitor  from  the  enzyme  has  occurred. 
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Fig.  13-4.  Displacement  of  physostiginine  from  serum  cholinesterase 
by  acetylcholine.  (From  Goldstein,  1944.)  Curve  A:  (I)  =  5.5  X  10-^ 
milf;  curve  B:  (I)  =  1.35  X  10-^  mi/;  curve  C:  (I)  =  5.5  X  10-^  ml/; 
curve  D:  (I)  =  5.5  X  10-^  mil/;  curve   E:  (I)  ==  5.5  X  10-'   mil/. 


The  experimental  curves  for  the  reversal  of  the  physostigmine  inhibi- 
tion of  cholinesterase  following  the  addition  of  acetylcholine  are  shown  in 
Fig.  13-4  for  different  concentrations  of  physostigmine  (Goldstein,  1944). 
The  curves  are  quite  adequately  fitted  by  Eq.  13-16  but  not  by  the  equation 
derived  by  Goldstein  because,  in  this  case,  the  combination  of  the  acetyl- 
choline with  the  free  enzyme  is  much  more  rai^id  than  the  dissociation  of 
the  physostigmine  from  the  enzyme.  The  first  readings  after  addition  of 
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the  acetylcholine  were  taken  in  10-15  min  whereas  equilibration  of  the  sub- 
strate with  the  free  enzyme  occurred  in  a  matter  of  seconds  probably. 

REVERSAL   OF   INHIBITION    BY   A   SUBSTANCE    BINDING 

THE  INHIBITOR 

The  presence  of  a  substance  having  an  affinity  for  the  inhibitor  and 
which  by  reacting  with  the  inhibitor  prevents  its  binding  to  the  enzyme 
will  protect  the  enzyme,  both  slowing  the  development  of  the  inhibition  and 
usually  reducing  the  final  equilibrium  inhibition.  Such  a  substance  will 
also  reverse  an  established  inhibition  if  the  EI  complex  is  dissociable.  The 
outstanding  example  of  this  type  of  protection  and  reversal  is  the  antag- 
onism exerted  by  sulfhydryl  compounds  (such  as  cysteine,  glutathione,  and 
especially  dimercaprol  or  BAL)  on  inhibitions  produced  by  arsenicals,  mer- 
curials, and  certain  other  heavy  metal  ions.  The  inhibitor}^  effects  of  some 
metal  ions  can  also  be  reduced  by  appropriate  chelating  agents,  such  as 
ethylenediaminetetraacetate.  Advantage  has  has  been  taken  of  this  prin- 
ciple in  the  clinical  treatment  of  poisonings  by  heavy  metals.  Actually, 
for  many  years  the  treatment  of  cyanide  poisoning  has  often  involved  the 
administration  of  a  substance  (such  as  a  nitrite)  that  would  cause  the  for- 
mation of  methemoglobin,  which  has  a  high  affinity  for  cyanide  and  can 
partially  remove  it  from  the  tissues  and  its  combination  with  cytochrome 
oxidase.  These  examples  cited  illustrate  such  protection  and  reversal  phe- 
nomena in  a  clear-cut  form  and  the  agents  mentioned  are  frequently  used 
experimentally  in  the  study  of  enzyme  inhibition,  but  it  must  also  be 
remembered  that  less  striking  instances  of  inhibitor  binding  occur  frequently 
and  may  go  unnoticed.  Many  inhibitors  —  fluoride,  malonate,  parapy- 
rvivate,  pyrophosphate,  and  arsenate  are  a  few  —  form  complexes  with 
ions,  such  as  calcium  or  magnesium,  commonly  present  in  the  media,  and 
most  inhibitors  react  to  varying  extents  with  any  nonenzymic  proteins  in 
the  enzyme  preparation.  In  studies  with  cellular  preparations  the  possibili- 
ties for  nonenzymic  binding  of  the  inhil^itor  become  so  great  that  care 
must  be  exercised  in  the  interpretation  of  kinetic  data.  It  is  important  to 
realize  that  the  substance  binding  the  inhibitor  need  not  have  a  greater 
affinity  than  the  enzyme  for  the  inhibitor  to  produce  a  significant  effect. 

Equilibrium  Inhibitions  in  the  Presence  of  a  Substance  Binding  the  Inhibitor 

It  will  be  necessary  to  consider  final  equilibrium  states  before  rates  of 
inhibition  and  reversal  are  treated.  The  reactions  involved  are: 

E  +  S  ^  ES  ^  E   +  P  A',  =  (E)(S)/(ES) 

E  +  I  —  EI  K,=  (E)(I)/(EI) 

R  +  I  ^  RI  K,  =  (R)(I)/(RI) 
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and  the  conservation  equations  may  be  written  as: 

(E,)  =  (E)  +  (EI)  +  (ES)  (13-17) 

(I^)  =  (I)  +  (EI)  +  (RI)  (13-18) 

(R,)  =  (R)  +  (RI)  (13-19) 

For  systems  m  which  mutual  depletion  does  not  occur  (zone  A),  the  term 
(EI)  may  be  omitted  from  Eq.  13-18.  It  will  be  convenient  to  treat  non- 
competitive inhilntion  since  other  types  of  inhibition  are  generally  only 
extensions  of  this  and  the  corresponding  equations  may  be  easily  obtained. 
The  substrate  reaction  can  be  neglected  for  noncompetitive  inhibition  smce 
the  presence  of  substrate  will  not  modify  the  inhibition.  We  are  now  left 
with  two  possibilites:  either  (R,)  is  much  greater  than  (I^)  so  that  the 
concentration  of  the  reversor  is  not  appreciably  reduced  by  reaction  with 
the  inhibitor,  in  which  case  (R,)  =  (R),  or  (R,)  and  (I,)  are  comparable 
and  the  reaction  reduces  the  concentrations  of  both. 

In  the  first  case,  where  (R,)  =  (R),  it  can  be  easily  shown  that: 

/C(E,)  ^  _^ra.)__  (13.20) 

^^^  =    (I)+Z,  ^^  (R.)  +  ^r 

Combining  these   two   equations   and   substituting   in    ;  =-  1  —  [(E)/(Ei): 

^^''^  (13-21) 


(I/)  +  1  +  (R/) 


Thus  the  presence  of  a  reversor  lowers  the  inhibition  to  the  same  degree 
as  the  substrate  in  competitive  inhibition,  if  the  specific  concentrations  of 
the  reversor  and  substrate  are  equivalent.  The  addition  of  a  reversor  to 
a  competitive  system  would  lower  the  inhibition  to: 

: ^lil (13-22) 

(I/)  -f  1  +  (S')  +  (R/) 

The  dependency  of  the  inhilntion  on  the  concentration  of  the  reversor  for 
different  values  of  K,  is  shown  in  Fig.  13-5.  From  such  families  of  curves 
it  is  possible  to  visualize  the  effectiveness  of  a  particular  reversor.  To 
use  a  reversor  properly,  so  that  the  results  can  be  accurately  interpreted, 
it  is  necessary  to  know  at  least  approximately  the  dissociation  constants, 
K,  and  A%.  The  use  of  a  reversor  with  a  K,  much  higher  than  Ki  would  not 
be  expected  to  diminish  the  iidiilution  unless  its  concentration  were  a  good 
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deal  greater  than  that  of  the  inhibitor.  In  those  situations  where  the  reversor 
is  not  depleted,  (R,)  must  of  necessity  be  higher  than  (I^)  if  an  appreciable 
reduction  in  inhibition  is  to  be  expected.  Thus  only  those  portions  of  the 
curves  at  least  above  10  mM  reversor  are  valid  under  these  conditions.  If 
one  wishes  to  reduce  an  inhibition  to  l/^?th  of  the  initial  value,  the  concen- 
tration of  reversor  that  must  be  added  is  given  by: 


(R,)  =  (n  -  1! 


K^ 

K, 


[(I)  +  K,) 


(13-23) 


The  ratio  of  the  concentration  of  reversor  to  that  of  inhibitor  required  to 
produce  a  specified  reduction  in  the  inhibition  has  often  been  considered 
an  important  factor  in  describing  an  inhibition  reversal  quantitatively. 
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Fig.  13-5.  Reversal  of  the  inhibition  by  a  substance  binding  the  inhibitor  (Eq.  13-21). 

Ki  =  1  mM,  (I)  =  5  mM,  and  (E()  =  1  mM.  Curve  A:  K^  =  0.1  mM;  curve  B:  K^  = 

1  mM;  curve  C:  K^  =  10  mM;  curve  D:  K^  =  100  mM. 


and  in  some  instances  (R,)/(I,)  is  specified  rather  than  (R^).  Under  the  pres- 
ent assumptions,  this  ratio  is  not  a  constant  for  each  inhibition  reversal 
but  depends  on  the  initial  degree  of  inhibition: 


(R.) 
(I.) 


in 


1] 


1  + 


{It) 


n  —  1 


(13-24) 


The  less  the  original  inhibition,  the  greater  must  be  the  ratio  of  reversor 
to  inhibitor  for  the  inhibition  to  be  reduced  a  chosen  amount.  A  hypotheti- 
cal example  will  serve  to  illustrate  this;  we  shall  assume  that  K^  =  K^=  1 
and  that  the  inhibition   is  to  be  reduced  to  one-tenth   its  initial  level. 
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The  following  ratios  may  then  be  calculated: 


(It) 

h 

(R()/(I() 

^/ 

0.2 

0.17 

54 

0.017 

0.5 

0.33 

27 

0.033 

1 

0.50 

18 

0.050 

5 

0.83 

10.8 

0.083 

10 

0.91 

9.9 

0.091 

20 

0.95 

9.4 

0.095 

On  the  other  hand,  if  the  inhibition  in  each  case  is  to  be  reduced  to  a  cer- 
tain designated  value,  if,  the  ratio  is  given  by: 


(R.) 


1 


(13-25) 


The  ratio  now  does  not  vary  so  widely  with  the  initial  inhibition  but 
changes  in  the  opposite  direction  compared  to  the  former  situation. 


(I.) 

^0 

(R«)/(lt) 

'/ 

0.2 

0.17 

14 

0.05 

0.5 

0.33 

17 

0.05 

1 

0.50 

18 

0.05 

5 

0.83 

18.8 

0.05 

10 

0.91 

18.9 

0.05 

20 

0.95 

18.95 

0.05 

Thus  the  ratio,  (R;)/(I^),  is  not  proportional  to  K^jKi,  as  has  occasionally 
been  assumed,  and  is  equal  to  it  only  when  the  initial  inhibition  is  high  and 
is  reduced  50%  by  the  reversor. 

The  more  general  case,  where  (R,)  =  (R)  -1-  (RI)  and  mutual  depletion 
of  reversor  and  inhibitor  occurs,  may  now  be  treated.  The  simplest  approach 
is  to  calculate  the  free  inhibitor  concentration  in  the  presence  of  the  reversor 
and  use  this  concentration  to  determine  the  inhibition.  The  quadratic  equa- 
tion for  the  free  inhibitor  concentration  is: 


(I)^'  +  [(Re)  -  (1,)  +  Kr]{\)  -  KAh)  =  0 


(13-26) 


Plots  of  the  inhibitions  obtained  by  such  a  procedure  are  sliown  in  Fig. 
13-6  for  a  system  with  the  same  inhibition  characteristics  as  in  Fig.  13-5. 
As  the  affinity  of  the  reversor  for  the  inhibitor  increases,  the  symmetrical 
sigmoid  curves  become  distorted.  There  is  not  so  much  difference  in  the 
effects  produced  at  lower  concentrations  of  the  reversor  but  very  marked 
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variations  appear  when  (R^)  approaches  (I^).  Curve  D  gives  the  limiting  case 
where  the  affinity  between  inhibitor  and  reversor  is  very  high,  so  that 
(I)  =  (I^)  —  (R,).  Where  the  affinity  is  high: 


at) 
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io(l    -  *"/) 


(R,)mM- 
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Fig.  13-6.  Reversal  of  the  inhibition  by  a  substance  binding  the  inhibitor  for  the 
general  case  in  which  the  concentration  of  the  free  reversor  is  reduced  by  this 
binding,  i.e.,  (R<)  =  (R)  +  (RI).  The  inhibition  was  calculated  from  the  inhibitor 
concentrations  derived  from  Eq.  13-26.  K^  =  1  mM,  (I)  =  5  mJil,  and  (E^)  =  1 
mM.  Curve  A:  X,  =  10  mM;  curve   B:  Z^  =  1    mM;   curve  C:   K^  =  O.l   mM; 

curve   D:  K-  =  0. 


SO  that  when  the  inhibition  is  reduced  to  1 1  nth.  of  the  initial  level,  i.e. 

if=  0.1  V 

I  rt.i  n  —  I 

(13-28) 


(R*) 


(I,) 


and  thus  in  this  case  also  the  ratio  depends  on  the  initial  inhibition. 

It  is  possible  to  visualize  the  relationships  between  inhibitors  and  re- 
versors  on  a  pi  scale.  The  representation  is  the  same  as  that  used  for 
showing  the  relationships  between  acid-base  and  oxidation-reduction  coup- 
les (Fig.  13-7).  This  is  possible  because  one  can  write  the  following  equa- 
tions for  the  reactions  of  the  inhibitor  with  enzyme  and  with  reversor: 


pi  =  p^,  -  log 


pi  =  pKr  -  log 


(EI) 
(E) 

(RI) 
(R) 


(13-29) 


(13-30) 
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The  ability  of  a  reversor  to  diminish  an  inhibition  is  then  related  to  the 
position  of  the  I-R  curve  relative  to  the  I-E  curve  on  the  scale.  Thus 
reversor  1  (upper  curve)  would  decrease  the  inhibition  much  more  effec- 
tively than  reversor  2  (lower  curve). 


pl 


(RI) 


(R) 

Fig.  13-7.  Representation 
of  inhibition  reversal  on  a  pi 
scale  (Eqs.  13-29  and  13-30). 
The  reversor  1  (upper  curve) 
would  decrease  the  inhibi- 
tion more  readily  than  the 
reversor    2    (lower    curve). 


Kinetics  of  Inhibition  Reversal  by  Substances  Binding  the  Inhibitor 

If  it  is  assumed  that  the  reversor  reacts  only  with  free  inhibitor  and 
not  with  inhibitor  bound  to  the  enzyme,  the  first  reaction  that  occurs  upon 
adding  the  reversor  is: 


R   +  I 


RI 


(13-31) 
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Following  reduction  of  the  free  inhibitor  concentration,  the  dissociation  of 
the  EI  complex  may  occur: 

EI  ;z±  E    --    I  (13-32) 

If  the  former  reaction  is  very  rapid  relative  to  the  EI  dissociation,  the 
kinetics  are  simply  those  discussed  previously.  If  the  affinity  of  the  re- 
versor  for  the  inhibitor  is  high  and  (R^)  is  greater  than  (I^),  the  inhibitor 
concentration  will  be  reduced  to  a  very  low  level  and  dissociation  of  the 
EI  complex  will  proceed  at  a  rate  dependent  only  on  k_-^  (see  preceding 
section),  inasmuch  as  inhibitor  released  from  the  enzyme  will  be  imme- 
diately bound  by  the  reversor.  When  the  inhibitor  concentration  is  not  re- 
duced to  near  zero  but  is  appreciable  and  in  equilibrium  with  the  reversor, 
the  inhibition  will  fall  to  a  new  level  and  the  kinetics  will  follow  those  for 
dilution  (see  preceding  section).  In  most  experimental  studies  of  reversal, 
the  reversor  is  added  in  definite  excess  over  the  inhibitor,  and  the  rate  of 
reaction  of  the  two  is  reasonably  rapid.  Therefore  situations  where  the  rate 
of  reversal  is  related  only  to  the  dissociation  of  the  EI  complex  are  probably 
quite   common. 

It  is  also  possible  to  conceive  of  cases  where  the  dissociation  rate  is 
much  greater  than  the  rate  of  combination  of  the  reversor  with  the  free 
inhibitor.  Here  the  rate  of  change  of  the  inhibition  will  depend  almost 
solely  on  k^.  The  differential  equation  for  the  inhibitor  concentration  is: 

'^^^^         k.KAh)  -  A-3[(R.)  -  K,]a)  (13-33) 


dt 

when  the  reversor  is  not  depleted  during  the  reaction.  This  may  be  inte- 
grated to: 

(I)   =  -^^  {K,  ^  (R,)e-'^3t^^'-V'}  (13-34) 

This  value  of  (I)  may  be  substituted  in  the  usual  inhibition  equations.  It 
may  be  noted  that  at «  =  0,  (I)  =  (I^)  and  i^  =  (I/)/[(I/)  +  1];  when  equi- 
librium has  been  reached  and  t  =  oo,  (I)  =  {I,)KJ[(Ri)  +  K,]  and  i/ = 
(I/)/[(I/)  +  1+  (R/)],  as  expected.  If  the  reversor  is  depleted  during 
the  reaction,  the  differential  equation  must  be  modified  to: 

4^  =  k,KAh)  -  A-3[(R,)  ^K,-  (hr.d)  -  kAir  (13-35) 

at 

which  may  also  be  integrated  to  provide  values  for  (I)  at  any  time.  Since 
very  little  quantitative  work  has  been  done  on  reversal  kinetics,  it  is  im- 
possible in  most  instances  to  relate  the  changes  in  inhibition  that  are  meas- 
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ured  to  either  one  of  the  possibly  limiting  reactions.  The  rates  of  reactions 
13-31  and  13-32  must  be  determined  independently  in  order  to  interpret 
the  data  obtained  when  they  are  proceeding  simultaneously. 

The  most  general  situation  in  which  the  rates  of  the  two  reactions  are 
comparable  is  more  difficult  to  treat  rigorously.  Two  simultaneous  dif- 
ferential equations  must  be  solved.  One  will  be  either  Eq.  13-33  or  13-35, 
depending  on  whether  the  reversor  is  depleted  or  not,  and  the  other  will 
be  the  usual  equation  for  the  rate  of  inhibition  change: 

diidt  =  k_,a')  -  A:_i[(r)  +  i]i  (13-36) 

The  decrease  in  the  inhibition  will  be  slower  than  in  either  of  the  extreme 
cases  discussed  above  (assuming  the  same  rate  constants  and  conditions) 
but  will  follow  the  same  type  of  curve.  It  would  be  most  difficult  to  distin- 
guish between  these  various  possibilites  from  the  inhibition  reversal  data 
alone. 

Examples  of  Inhibition   Reversal 

Most  of  the  studies  on  reversal  have  been  made  with  inhibitors  that  com- 
bine with  enzyme  sulfhydryl  groups.  It  will  suffice  for  the  present  purpose 
to  mention  some  of  the  results  obtained  on  the  reversal  of  inhibitions  pro- 
duced by  the  mercurials.  More  detailed  discussion  will  be  given  in  the  chap- 
ters on  the  various  inhibitors.  One  may  find  instances  of  complete  reversal, 
partial  reversal,  or  no  reversal  when  sulfhydryl  compounds  are  added  to 
remove  the  mercurial  from  the  enzymes.  For  example,  complete  restoration 
of  activity  has  been  reported  in  inhibitions  of  the  following  enzymes  after 
addition  of  either  cysteine  or  glutathione:  yeast  glyceraldehyde-3-phosphate 
dehydrogenase  (Velick,  1954),  brain  hexokinase  (Sols  and  Crane,  1954), 
heart  lactic  dehydrogenase  (Neilands,  1954),  xanthine  oxidase  (Harris  and 
Hellerman,  1953),  and  corn  leaf  glutamic  dehydrogenase  (Bulen,  1956). 
All  of  these  inliibitions  had  been  produced  by  jy-chloromercuribenzoate 
(p-CMB).  Partial  reversal  occurred  when  dimercaprol  was  added  to  succin- 
oxidase  inhibited  with  HgClj  (Barron  and  Kalnitsky,  1947)  or  when 
glutathione  was  added  to  yeast  alcohol  dehydrogenase  inhibited  by  p- 
CMB  (Barron  and  Levine,  1952).  No  reversal  was  observed  with  the  fol- 
lowing enzymes  inhibited  by  p-CMB:  muscle  pyruvate  oxidase  —  cysteine 
or  dimercaprol  (Onrust  et  al.,  1954);  heart  malic  dehydrogenase  —  cysteine 
or  glutathione  (Wolfe  and  Neilands,  1956);  EleciropJwrus  acetylcholines- 
terase—cysteine (Hargreaves,  1955);  and  crotonase  —  cysteine  or  glutathione 
(Wakil  and  Mahler,  1954)  to  mention  only  a  few.  It  is  likely  that  these 
different  behaviors  do  not  necessarily  reflect  different  mechanisms  of  in- 
hibition. It  has  often  been  assumed  that  a  lack  of  reversibility  indicates 
that  sulfhyfdryl  groups  are  not  involved  in  the  inhibition.  Such  statements 
as:    "Reactivation   is    an  obligatory  condition  for  testing  the  specificity 
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of  the  action  of  a  chemical  or  physical  agent  that  inhibits  sulfhydryl  groups" 
(Hargreaves,  1955),  are  common  and  misleading.  If  a  series  of  enzymes  is 
inhibited  with  the  same  inhibitor  and  reactivation  is  attempted  in  each 
case  with  the  same  reversor,  it  might  be  expected  that  all  degrees  of  re- 
versibility would  be  exhibited  because  the  enzymes  would  show  a  wide 
range  of  affinities  for  the  inhibitor.  The  results  would  depend  primarily 
upon  the  relative  dissociation  constants  of  the  inhibitor  with  enzyme  and 
with  reversor.  Attempting  to  reverse  an  inhibition  with  a  substance  whose 
TpK^  is  much  lower  than  the  p^^  for  the  inhibition  is  as  futile  as  trying  to 
oxidize  or  reduce  a  substance  with  another  whose  redox  potential  is  inap- 
propriate. The  inhibitions  that  gave  no  reversal  above  probably  involve 
the  reaction  of  sulfhydryl  groups  as  in  those  cases  where  complete  resto- 
ration of  activity  occurred.  The  different  degrees  of  reversibility  indicate 
most  likely  the  relative  affinities  of  the  various  enzymes  for  the  mercurial. 

No  measurements  of  the  rates  of  reversal  seem  to  have  been  reported. 
In  some  cases  it  is  surprisingly  rapid.  The  reactivation  of  p-CMB-inhibited 
glyceraldehyde-3-phosphate  dehydrogenase  by  cysteine  is  so  rapid  that 
technically  it  is  not  possible  to  measure  it  (Velick,  1953,  1954).  The  addi- 
tion of  cysteine  in  a  concentration  about  a  hundred  times  greater  than  the 
p-CMB  concentration  produced  immediate  and  almost  complete  reversal 
(Fig.  13-8).  Similar  results  were  obtained  with  brain  hexokinase  (Sols  and 
Crane,  1954),  although  the  reversal  w^as  not  as  complete.  These  results 
show  that  the  reaction  of  cysteine  with  js-CMB  and  the  dissociation  of 
p-CMB  from  the  enzyme  are  reasonably  fast,  but  no  information  is  available 
as  to  which  reaction  is  limiting  the  rate.  Also  it  is  not  known  how  these 
rates  of  reversal  compare  with  the  rates  that  would  be  observed  in  experi- 
ments where  the  inhibitor  was  removed  by  other  means,  such  as  dialysis. 
If  it  could  be  demonstrated  in  any  case  that  the  rate  of  reversal  with  a 
substance  binding  the  inhibitor  is  greater  than  the  rate  found  when  the 
inhibitor  was  removed  by  physical  means,  it  would  indicate  strongly  that 
the  reversor  is  able  to  react  with  the  inhibitor  that  is  bound  to  the  enzyme 
and  remove  it  more  rapidly  than  would  occur  with  spontaneous  dissociation. 
It  would  certainly  seem  to  be  very  unlikely  that  such  a  reaction  would  oc- 
cur in  most  cases,  due  to  steric  factors  alone,  but  it  is  possible,  and  accurate 
comparison  of  reversal  rates  might  provide  some  information  on  this  in- 
teresting ijoint.  Reactions  of  two  substances  on  the  surface  of  an  enzyme 
commonly  occur  but  usually  the  reaction  does  not  involve  the  groups  at- 
taching the  substances  to  the  enzyme. 

One  factor  that  may  be  very  important  in  reducing  reversibility  is  the 
progressive  inactivation  of  the  inhibited  enzyme.  It  has  frequently  been 
observed  that  enzyme  inhibitions  become  increasingly  irreversible.  In  the 
case  of  the  inhibition  of  brain  hexokinase  with  p-CMB,  which  is,  under  the 
proper  conditions,  completely  reversible,  increasing  incubation  times  with 
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the  inhibitor  led  to  less  and  less  reactivation  from  added  cysteine  (Sols 
and  Crane,  1954).  The  higher  the  inhibitor  concentration  and  thus  the  great- 
er the  inhibition,  the  more  likely  is  secondary  inactivation  to  occur  and 
reversibility  be  limited.  Sometimes  this  may  involve  a  structural  change 
in  the  enzyme  due  to  an  increased  instability  in  the  presence  of  the  inhi- 
bitor, or  it  may  be  the  result  of  the  reaction  of  the  inhibitor  with  additional 
less  reactive  groups  on  the  enzyme,  the  latter  reactions  being  either  irre- 


0.5 


(340mu)0 


CONTROL 
(t  cysteine) 


p-CMB  = 
O.OI280mM 


p-CMB= 
}  /0.0336mM 

CYSTEINE 

CYSTEINE 


TIME  (Mmutes)- 


FiG.  13-8.  Reactivation  of  phosphoglyceraldehyde 
dehydrogenase  inhibited  by  53-chloromercuriben- 
zoate  (39-CMB)  with  cysteine  added  at  the  time 
indicated  by  the  arrows.  The  cysteine  concentra- 
tion was  3  mM.  (From  Vehck,  1953,  1954.) 

versible  or  slowly  reversible.  In  any  event,  if  the  reversiljility  of  the  pri- 
mary inhibition  is  being  tested,  it  is  advisable  to  add  the  reversor  as  soon 
as  possible,  and  it  is  generally  preferable  to  inhibit  the  enzyme  to  the  extent 
of  only  around  50%  instead  of  completely.  It  is  quite  possible  that  the  par- 
tial and  total  irreversibilities  mentioned  above  were  to  some  degree  due 
to  these  secondary  reactions. 


Information  Obtained  from  Protection  and  Reversal  Studies 

Since  the  majority  of  the  studies  with  certain  inhibitors,  especially 
those  reacting  with  sulfhydryl  groups,  include  data  on  the  reversibility  of 
the  inhibition  following  the  addition  of  a  sulfhydryl  compound  to  remove 
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the  inhibitor,  it  is  necessary  to  evaluate  critically  the  information  one  may 
obtain  from  such  experiments.  There  are  two  minor  things  one  may  possibly 
learn  from  reversal  studies:  (1)  an  estimate  of  the  relative  affinities  of 
the  enzyme  and  reversor  for  the  inhibitor,  and  if  K^  is  known,  K^  may  be 
calculated  approximately;  and  (2)  if  complete  reversal  occurs,  no  secondary 
reactions  leading  to  inactivation  of  the  enzyme  have  taken  place.  Xn  esti- 
mate of  K^  may  be  made  more  readily  from  the  usual  graphical  procedures 
and  a  test  for  inactivation  can  be  done  with  less  complexity  by  dialysis. 
This  is  not  the  information  that  has  generally  been  looked  for  in  such  work. 
Instead,  conclusions  as  to  the  mechanism  of  inhibition  have  often  been 
drawn.  There  is  no  relationship  between  the  way  in  which  the  inhibitor  re- 
duces the  activity  of  the  enzyme  and  the  reversibility.  From  the  rate  at 
which  an  inhibitor  can  be  removed  from  an  enzyme,  or  from  the  degree 
to  which  the  inhibition  may  be  reduced  by  the  addition  of  an  inhibitor- 
binding  substance,  one  can  tell  nothing  as  to  the  mechanism  of  the  primary 
inhibition.  It  has  been  stated  many  times  that  if  the  inhibition  produced 
by  a  sulfhydryl  agent  is  reversed  by  a  sulfhydryl  compound  (such  as 
cysteine,  glutathione,  or  dimercaprol),  this  is  evidence  for  the  reaction  of 
the  inhibitor  with  enzyme  sulfhydryl  groups  as  the  mechanism  of  the  in- 
hibition. Such  a  conclusion  is  not  valid  and  it  should  be  so  obviously  not 
valid  that  no  discussion  of  the  problem  is  warranted. 

Let  us  now  consider  some  i^roblems  in  the  interpretation  of  partial  or 
complete  irreversibility.  Failure  to  restore  the  total  enzyme  activity  is 
not  certain  proof  of  either  an  irreversible  binding  of  the  inhibitor  to  the 
enzyme  or  of  secondary  reactions  leading  to  irreversible  changes  in  the  en- 
zyme. Homogentisate  oxidase  is  well  inhibited  with  /j-CMB  but  glutathione 
will  not  reactivate  the  enzyme  (Crandall,  1955).  However,  if  Fe"^"^  ions 
are  added  with  the  glutathione,  restoration  of  activity  occurs.  The  p-CMB 
by  reacting  with  the  enzyme  has  displaced  the  Fe"^"^  ions  necessary  for 
catalytic  activity  and  removal  of  the  p-CMB  alone,  by  any  means,  will  not 
reverse  the  inhibition.  Ferrous  ions  alone  will  also  not  reactivate  because 
they  cannot  reach  the  activator  site  on  the  enzyme.  But  removal  of  the 
inhibitor  followed  by  addition  of  the  activator  abolishes  the  inhibition.  This 
phenomenon  may  be  rather  common,  inasmuch  as  it  is  known  that  inhi- 
bitors can  displace  cofactors  and  coenzymes;  the  displacement  of  DPN+ 
from  certain  enzymes  by  the  mercurials  would  be  an  example. 

Another  possible  explanation  for  irreversibility  would  be  an  effect  of 
the  reversor  on  the  enzyme.  If  the  reversor  in  any  way  were  an  inhibitor 
or  inactivator  of  the  enzyme,  it  would  simultaneously  remove  the  original 
inhibitor  and  depress  the  activity  of  the  enzyme.  Reactivation  of  succin- 
oxidase  inhibited  by  p-CMB  (Slater.  1949)  provides  an  excellent  illustration 
of  this.  Certain  thiols  used  for  reactivation  were  oxidized  in  the  enzyme 
preparation  (presumably  by  dissolved  oxygen  and  catalyzed  by  substances 
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in  the  medium)  and  in  turn  oxidized  tlie  enzyme  sulfhydryl  groups.  In  ni- 
trogen, this  reaction  does  not  occur.  Ghitathione,  for  example,  in  air  is  an 
inhibitor  of  succinoxidase  by  way  of  its  GS-SG  form,  while  simultaneously 
it  will  remove  the  p-CMB  from  the  enzyme.  It  might  be  suggested  that  ideally 
such  reversal  experiments  with  thiols  be  conducted  in  nitrogen.  Some  of  the 
failures  noted  above  could  well  be  due  to  this  phenomenon. 

Protection  studies,  where  the  substance  binding  the  inhibitor  is  added 
either  before  or  with  the  inhibitor,  are  of  even  less  significance  in  pro- 
viding useful  or  reliable  information  about  the  inhibition.  If  a  substance 
reacts  with  an  inhibitor,  it  will  reduce  the  concentration  of  free  inhibitor, 
thereby  reducing  the  rate  at  which  inhibition  occurs  and  decreasing  the 
final  inhibition  achieved.  Results  of  this  type  showing  protection  only 
confirm  the  obvious  and  have  no  relationship  to  the  mechanism  of  the  inhibi- 
tion. The  only  interesting  thing  that  might  emerge  from  protection  studies 
is  the  demonstration  that  a  substance  known  to  bind  or  react  with  the  inhi- 
bitor does  not  influence  the  inhibition  in  the  expected  manner,  since  in  such 
a  case  it  might  indicate  that  the  reactive  group  or  groups  on  the  inhibitor, 
with  respect  to  the  inhibition,  were  not  those  involved  in  the  reaction  with 
the  reversor.  The  effects  of  metal  chelators  on  enzymes  or  metabolism 
might  profitably  be  compared  with  the  effects  of  the  metal  ion-chelator 
complexes,  in  order  to  determine  if  the  inhibition  is  indeed  through  che- 
lation of  an  enzymically  important  metal  ion  or,  on  the  other  hand,  is  an 
action  dependent  on  the  total  structure  of  the  molecule  and  unrelated  to  the 
chelating  activity. 

The  preceding  pessimistic  remarks  are  meant  to  apply  to  basic  experi- 
mental studies  on  enzyme  inhibition.  Information  on  protection  and  re- 
versal can  often  be  of  great  pratical  importance,  particularly  as  the  actions 
of  many  poisons  and  the  toxic  effects  of  certain  drugs  are  the  result  of  en- 
zyme inhibitions.  It  is  also  not  implied  that  accurate  quantitative  work 
on  inhibition  reversal  is  valueless;  indeed,  some  very  interesting  facts 
might  be  derived  from  such  work  where  reversal  rates  are  measured.  Finally, 
protection  or  reversal  by  substances  binding  the  inhibitor  has  been  consid- 
ered here,  and  other  means  of  modifying  the  inhibition  may  be  very  infor- 
mative, as  will  be  seen  in  the  following  sections. 

SPONTANEOUS  REACTIVATION  OF  INHIBITED 
ENZYMES 

Occasionally  it  has  been  observed  that  the  inhibition  in  pure  enzyme 
systems  is  not  maintained  but  is  slowly  lost.  The  inhibition  rises  to  a  max- 
imal value  and  then  declines  with  time.  This  usually  means  that  either 
the  free  inhibitor  is  unstable  and  is  inactivated  in  solution,  or  the  bound 
inhibitor  is  reacted  by  the  enzyme.  The  former  nonenzymic  inactivation  of 
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the  inhibitor  will  be  taken  up  in  a  later  section  and  here  we  shall  confine 
ourselves  to  the  latter  situation.  Chemical  modification  of  the  inhibitor  by 
the  enzyme  usually  occurs  when  the  inhibitor  in  some  manner  resembles 
the  substrate  and  attaches  to  the  enzyme  in  a  way  characteristic  of  the 
substrate. 

The  most  thoroughly  documented  example  of  such  a  spontaneous  re- 
versal occurs  in  the  inhibition  of  cholinesterase  by  certain  organophosphorus 
compounds  (Aldridge,  1953  a.  b;  Aldridge  and  Davison,  1953).  The  time 
courses  of  inhibition  of  rabbit  erythrocyte  cholinesterase  by  dimethyl- 
and  diethyl-p-nitrophenyl  phosphates  are  shown  in  Fig.  13-9.  The  inhibition 
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Fig.  13-9.  Inhibition  of  rabbit  erythrocyte  chohnesterase  by 
p-nitrophenyl  phosphates  and  its  spontaneous  reversal.  (From 
Aldridge,  1953  b.)  Curve  A:  diethyl-j9-nitrophenyl  phosphate 
(4.1  X  10^4  mM);  curve  B:  dimethyl-j)-nitrophenyl  phosphate 
(2.4  X  10-3  mM);  curve  C:  dimethyl-p-nitrophenyl  phosphate 
(4.7  X  10-4   milf). 


produced  by  the  diethyl  compound  is  stable  but  that  by  the  dimethyl  analog 
is  slowly  and  spontaneously  reversible.  The  reversal  follows  first-order 
kinetics  as  is  shown  by  the  linear  relationship  between  log  (per  cent  inhi- 
bition) and  time  (Fig.  13-10).  The  first-order  rate  constant  for  the  reversal 
reaction  was  found  to  be  1.68  X  10-^  min-^  at  17°,  4.29  X  10"  =*  min-^  at  28°, 
and  8.55x10-3  min-^  at  37o,  giving  an  energy  of  activation  of  14.4  kcal/ 
mole.  Aldridge  postulated  the  following  sequence  to  explain  the  inhibition 
reversal: 
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(OR), 
EH  +  P=0 
X 


(OR), 

^  EH---P=0 

I  I 

X 


(2) 


(OR), 

E-P=0 

+ 
HX 


(OR), 
HjO    I 
>  P  =  0  +  EH         (13-37) 


(3) 


OH 


This  is  very  similar  to  the  hydrolysis  of  acetylcholine  by  the  enzyme  and 
presumably  the  same  active  site  groups  are  involved.  The  inhibition  by  the 
dimethyl  compound  is  due  to  the  fact  that  reaction  3  is  very  slow  and  this 
allows  the  accumulation  of  the  EI  complex.  For  the  diethyl  compound,  it 
is  apparent  that  reaction  3  is  too  slow  to  measure.  The  reversal  reaction 
is  an  hydrolysis  of  the  phosphorylated  enzyme.  Its  rate  is  independent  of 
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Fig.  13-10.  Spontaneous  reversal  of  inhibition  of  rabbit  erythro- 
cyte   choHnesterase    inhibited    by   dimethyl-79-nitrophcnyl    phos- 
phate  plotted  on   a   logarithmic   scale   to   show    the    first-order 
kinetics.  (From  Aldridge,  1953  b.) 


the  group  X  but  is  related  to  the  group  R,  since  R  can  modify  the  electronic 
configuration  and  charge  around  the  phosphorus  atom  and  hence  alter  its 
reactivity  with  water. 

The  maximal  inhibition  produced  in  such  cases  may  be  expressed  easily. 
The  over-all  reaction  of  the  inhibitor  is: 


e  +  I;4ei4e  +  q 


(13-38) 


where  Q  is  the  product  formed  by  the  action  of  the  enzyme  on  the  inhibitor. 
Thus: 

A-:(E,)(I) 


(EI)  = 


k,{I)  +  A:_i  +  h 


(13-39) 
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from  which: 


Since  ko  is  so  small: 


(I) 


(I)  +  [{Tc_,  +  lc,)j{Tc,)] 
(I) 


(I)  +  K, 


(13-40) 


(13-41) 


which  is  the  expression  for  noncompetitive  inhibition.  If  the  substrate  is 
present  during  the  development  of  the  inhibition,  it  will  slow  down  the  rate 
at  which  the  maximal  inhibition  is  reached  and  may  decrease  the  maximal 
inhibition  if  it  can  compete  significantly  with  the  inhibitor.  In  those  instan- 
ces where  A'o  is  significant,  Eq.  13-40  should  be  used  and  the  inhibition 
will  no  longer  relate  directly  to  the  inhibition  constant,  K ^.  The  shape  of 
the  total  curve  giving  the  time  course  of  the  inhibition  will  depend  also  on 
the  amount  of  inhibitor  present;  if  (I,)  =  (E,)  the  curve  will  have  a  sharp 
maximal  peak  whereas  if  (I,)  ^  (E^),  the  curve  will  show  a  plateau  since 
the  inhibition  will  not  begin  to  decrease  until  there  is  no  more  inhibitor 
to  replace  that  reacted  on  the  enzyme. 

A  more  accurate  reaction  sequence  for  the  phosphorylation  or  carbamy- 
lation  of  enzymes  might  be  written  as: 


E 


^1  A-j 

I  —  EI  -^ 


EX 


X 


(13-42) 


where  EI  is  the  initial  complex  of  the  inhibitor  with  the  enzyme,  EX  is 
the  chemically  inactivated  enzyme  (X  representing  the  inhibitor  group 
remaining  on  the  enzyme),  and  X'  is  the  inhibitor  group  after  it  has  been 
dissociated  from  the  enzyme  and  perhaps  chemically  modified  (as  in  a 
hydrolytic  reaction).  From  the  differential  equation  representing  the  change 
in  EX  concentration: 


rf(EX) 
dt 


^:,(EI)  -  ^3(EX) 


(13-43) 


the   conservation   equation,    (E^)  =  (E)  +  (EI)  +  (EX),    and   the    equili- 
brium, Ki^  =  (E)(1) /(EI),  the  rate  of  change  of  (EX)  may  be  determined: 


d(EX) 


A-.,(E,)(I) 


(EX) 


dt  (I)  +  K 

In  the  steady  state,  d(KK)jclt  =  0  so  that: 

(EX,.,  =  *-''E'' 


A-3  + 


UD 


(I)  +  K, 


k,  +  k,[l  +  KJiD] 


(13-44) 


(13-45) 
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The  steady-state  concentration  of  the  complex  EI  may  also  be  similarly 
determined: 

(i)(E,)    r k, 

(I)  +  K,    [         k,  +  kS  +  K.liD] 


(EI).  =  -j^^^   [l  -    ,.     ,    ,  ,r,    ..  ....  I  (13-46) 


The  total  inhibition,   given   by  i=  [(EX)  +  (EI)]/(E,),   is  thus: 
•      -  (I)  Ft  ^2  ] 

'"  ~  (I)  +  K,  [  +  h[a)iK,]  +  k,[i  +  (i)/^,]J       ^^^"^^^ 

This  is  the  total  inhibition  in  the  steady  state.  A  slightly  different  treatment 
of  this  system  has  been  given  by  Wilson  et  al.  (1960)  for  the  carbamylation 
of  cholinesterase  and  the  rate  constants  for  the  inhibitors  were  calculated. 


INDUCED  REACTIVATION  OF  INHIBITED  ENZYMES 

Inhibitions  resulting  from  a  substratelike  chemical  reaction  of  a  sub- 
stance with  the  enzyme  active  site,  in  which  the  breakdown  of  the  EI 
complex  is  slow  as  described  in  the  previous  section,  may  be  reversed  by 
compounds  reacting  with  the  EI  complex  and  splitting  the  inhibiting  group 
from  the  enzyme.*  The  normal  substrates  for  cholinesterase  form  acyl- 
enzyme  intermediates  which  react  with  water  to  complete  the  hydrolysis; 
the  inhibitors  form  instead  alkylphosphoryl-enzyme  complexes  which  react 
very  slowly  or  not  at  all  with  water.  The  introduction  of  a  substance  that 
reacts  with  the  EI  complex  as  does  water,  but  much  more  readily,  may  split 
the  phosphoryl  group  from  the  enzyme  and  restore  the  activity.  Since 
the  phosphorus  atom  is  electrophilic,  it  was  postulated  by  Wilson  (1951) 
that  strongly  nucleophilic  gi'oups  might  attack  the  phosphorus  and  disso- 
ciate it  from  the  enzyme,  and  it  was  indeed  found  that  hydroxylamine  would 
reactivate  the  acetylcholinesterase  of  electric  tissue  after  inhibition  by  tet- 
raethylpyrophosphate  (TEPP).  Since  then  many  more  effective  reacti- 
vators have  been  found  and  most  contain  the  nucleophilic  hydroxamate 
(R-CO-NHO-)  or  aldoxime  (R-CH=NOH)  groups.  The  reaction  with 
an  hydroxamate  may  be  written  as: 

O  E  O  OR 

Hi  I!  I 

R-C-NHO- +  P-=0  +  H+  ^  R-C-XH-0-P=0  +  EH  (13-48) 

1  1 

(OR)^  OR 

*  The  inhibited  enzyme  in  such  cases  will  be  designated  by  EI  although  strictly 
speaking  this  is  inaccurate,  since  the  inhibitor  is  chemically  modified  upon  reaction 
with  the  enzyme.  The  inhibiting  group  on  the  enzyme  is  only  part  of  the  original 
inhibitor  molecule;  in  the  case  of  the  organophosphorus  compounds,  the  X-group 
has  been  lost.  However,  this  simplification  should  not  introduce  any  confusion  into 
the  treatment. 
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The  most  commonly  used  reactivators  have  been  hydroxamates  and  aldox- 
imes  of  iV-methylpyridine,  such  as  iV-methyhiicotinohydroxamate  and 
iV-raethylpicolinohydroxamate,  and  especially  pyridine-2-aldoxime  methio- 
dide  (2-PAM),  which  has  been  found  to  reactivate  inhibited  cholinesterase 


/V 


CO-NHO- 


^N 


CH, 


/\ 


CH=NOH 


iV-Methylp5Tidine- 
2-aldoxime 


CH3 

iV-Methylnicotino- 
hydroxamate 


^N 


r 


X'O-NHO" 


CH, 


iV-Methylpicolino- 
hydroxamate 


in  the  tissues  of  poisoned  animals.  However,  the  oximes  and  dioximes  of 
certain  bis  (pyridinium)  compounds  have  been  found  to  be  much  more  po- 
tent reactivators  than  2-PAM  (Hobbiger  et  al.,  1958).  The  relationships  be- 


X 


CH=NOH 


^N^     ^CH=NOH 

I 
(CH,)„CH3 


iV-Alkylpyridine- 
2-aldoximes 


iV-Alkylpyiidine- 
4-aldoximes 


?" 


=NOH 


^N 


/ 


(CH,)„CH2Br 

iV-Bromoalkylpyridine- 
4-aldoximes 


CH=NOH 


CH  =  NOH 


CH=NOH 


Bis  (pjTidinium)  oximes 


I (CH2)„ I 

Bis  (pyridinium)  dioximes 


tween  structure  and  reactivating  potency  are  very  interesting.  In  the  first 
place,  the  presence  of  a  positively  charged  group  adjacent  to  the  nucleo- 
philic  group  enhances  the  activity.  Comparison  of  the  various  reactivators 
in  their  unsubstituted  and  iV-methyl  forms  shows  that  the  latter  are  al- 
ways more  potent.  The  reactivation  rate  constant  for  pyridine-2-aldoxime 
is  0.0045  min-i  and  for  iV-methylpyridine-2-aldoxime  it  is  0.14  min"^ 
(Wilson  et  al,  1958).  In  addition,  the  2-PAM  is  bound  more  tightly  to  the 
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EI  complex  so  that  less  than  one-thousandth  the  concentration  of  the 
unsubstituted  analog  is  required  for  reactivation.  This  is  believed  to  be 
due  to  the  availability  of  the  anionic  site  in  TEPP-inhibited  cholinesterase, 
the  electrostatic  attraction  between  this  group  and  the  N"'"-group  facilitat- 
ing the  binding  of  the  reactivator.  In  cholinesterase  inhibited  by  diisopro- 
pylfluorophosphate  (DFP),  the  anionic  site  is  not  available  and  the  pres- 
ence of  a  positively  charged  atom  on  the  reactivator  is  not  so  important. 
In  the  second  place,  the  nucleophilic  group  should  be  within  a  certain  dis- 
tance of  the  positive  charge  in  the  reactivator,  and  perhaps  also  in  a  fa- 
vorable direction  relative  to  the  positive  charge  (if  the  rest  of  the  pyridine 
ring  is  constrained  to  one  orientation  on  the  enzyme  surface).  The  reactivat- 
ing potency  of  2-PAM  has  been  attributed  to  its  ability  to  react  with  the 
enzyme  in  such  a  way  that  the  nucleophilic  oxygen  atom  falls  about  one 
bond  length  from  and  is  directed  toward  the  phosphorus  atom  of  the  inac- 
tivated enzyme  (Wilson  and  Ginsburg,  1958)  and  the  differences  between 
the  2-,  3-  and  4-aldoximes  of  iV-methylpyridine  have  been  ascribed  to  re- 
lated steric  factors  (Wilson  et  at.,  1958). 


y\    0- 


H 


CH, 


The  group  attached  to  the  pyridine-N+  is  also  of  great  importance,  as 
may  be  seen  in  the  relative  potencies  given  in  Table  13-1.  This  group  may 
either  increase  binding  through  its  van  der  Waals  interaction  with  the  en- 
zyme surface  or  interfere  with  the  binding  sterically.  The  reason  for  the 
very  high  activity  of  the  bis(pyridinium)  aldoximes  is  not  clear  as  yet  but 
it  could  be  the  result  of  the  tight  binding  of  these  compounds  to  the  enzyme 
surface  in  a  position  that  is  near  optimal  for  the  nucleophilic  attack  on 
the  phosphorus  atom.  Comparison  of  large  numbers  of  reactivators  has  led 
to  the  conclusion  that  the  potency  is  not  correlated  witli  the  ability  to 
inhibit  or  bind  to  the  normal  enzyme,  nor  with  the  reactivity  toward  the 
organophosphorus  inhibitors  (Hobbiger  et  al.,  1960). 

The  reactivation  reactions  and  kinetics  may  be  expressed  in  different 
ways.  At  least  three  forms  of  the  enzyme  must  be  assumed  in  inhibitions 
by  the  organophosi^horus  compounds:  the  initial  reversible  EI  complex, 
the  phosphorylated  enzyme  EX,  and  the  final  inactivated  enzyme  after 
the  phosphate  group  has  been  shifted  to  another  amino  acid.  Reactivation 
seems  to  be  exerted  only  on  the  EX  form  (Sanderson  and  Edson,  1959). 
The  rate  at  which  EX  passes  into  the  irreversibly  inactivated  form  varies 
with  the  inhibitor  and  the  enzyme;  in  those  cases  where  this  reaction  is 
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Table  13-1 

Relative  Potencies  of  Reactivators  of  Human  Erythrocyte 

Cholinesterase  Inhibited  by  Tetraethylpyrophosphate  " 


Relative 

Compound* 

n 

reactivating 
potency 

iV-Methylpyridine-2-aldoxime 

_ 

100 

iV-Methyl2oyridine-3-aldoxime 

0.03 

iV^-Methylpyridine-4-aldoxime 

— 

6 

iV-Alkylpyridine-2-aldoximes 

0 

100 

1 

54 

2 

63 

3 

87 

iV-Ethylpyridine-4-aldoxime 

- 

3 

iV-Bromoalkylpyridine-4-aldoximes 

0 

160 

2 

190 

3 

25 

4 

94 

Bis(pyridiniiim)  aldoxiines 

3 

800 

4 

670 

5 

750 

Bis(pyridiniiim)dialdoximes 

2 

1700 

3 

2200 

4 

1800 

5 

1600 

"  From  Hobbigcr  el  al.  (1958). 

^  The  structures  of  the  reactivators  are  inchided  in  text. 


rapid,  reactivation  is  difficult.  Spontaneous  reactivation  may  proceed  along 
with  the  reactivation  brought  about  by  nucleophilic  agents.  The  expres- 
sions for  the  inhibition  are  easily  obtained  for  these  situations.  Spontaneous 
reactivation: 


EX 


E   +  X' 


ine 


-kt 


induced  reactivation: 


EX 


R  ^  E   n-  XR 

_-    i  g-fc'(R)( 


(13-49) 
(13-50) 

(13-51) 
(13-52) 
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and  both  spontaneous  and  induced  reactivation: 

i  =  i^e^-k-k-<n)}t  (13-53) 

If  log  i  is  plotted  against  t,  the  slope  will  provide  a  means  for  calculating 
the  rate  constants. 

Plots  of  this  type  were  made  for  the  reactivation  of  acetylcholinesterase 
carbamylated  by  dimethylcarbamylcholine  and  dimethylcarbamylfluoride. 
These  inhibitors  react  with  the  enzyme  active  center  in  a  manner  similar 
to  the  organophosphorus  compounds  (Wilson  et  at.,  1960)  and  the  EX 
form  is  the  same  for  both  the  inhibitors.  Hydroxylamine  reactivates  but 
2-PAM  and  other  agents  effective  against  the  enzyme  inhibited  by  the 
organophosphorus  inhibitors  do  not.  The  plots  of  log  i  against  t  are  shown 
in  Fig.  13-11  for  both  the  spontaneous  reactivation  and  that  induced  by 
hydroxylamine.  The  monomolecular  spontaneous  reactivation  rate  constant, 
k,  was  found  to  be  0.032  min~^. 

If  the  reactivators  form  a  complex  with  the  inactivated  enzyme: 

EX   +  R  ^  EXR  ^  E   -^  XR  (13-54) 

the  kinetics  of  reactivation  would  be  expected  to  conform  to  ordinary  en- 
zyme kinetics  (Green  and  Smith,  1958 a,  b).  The  rate  at  which  the  reacti- 
vation proceeds  will  be  given  by: 

^•2(EX,)(R) 

Vt  =  --^^ ^ —  (13-55) 

(R)  +  K,r 

where  (EX,)  =  (EX)  +  (EXR)  and  K^^  is  the  Michaelis  constant,  which 
in  the  general  case  is  equal  to  {k_-y  +  ko)lki.  The  relative  values  of  the  con- 
stants are  not  known  and  hence  it  is  not  certain  if  K^.^  is  ever  a  true  disso- 
ciation constant.  The  reactivation  has  been  shown  to  follow  first-order 
kinetics  when  the  reactivator  is  in  excess,  and  the  release  of  phosphorus 
from  the  enzyme  has  been  shown  to  accompany  the  reduction  in  the  inhi- 
bition  (Jandorf  et  at.,   1955). 

It  is  of  interest  now  to  express  the  steady-state  inhibition  in  a  system 
in  which  a  reactivator  is  present.  The  following  reactions  may  be  written: 

E   +  I  ^  EI  4  EX  (13-56) 

EX   +  R  ^  E   +  XR  (13-57) 
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and  the  inhibition  may  be  shown  to  be: 

\ 


(I) 


1  + 


^^^  ^  ^'  I       hiiDlK,]  +  hm 


;i3-58) 


TIME 


Fig.  13-11.  Reactivation  of  acetylcholinesterase  carbamylated  by 

dimethylcarbamylcholine    or    diraethylcarbamyl    fluoride.    (From 

Wilson  et  al.,   1960.)    Curve    A:   spontaneous  reactivation;   curve 

B:   reactivation   with   hvdroxylamine. 


which  is  the  same  as  Eq.  13-47  except  for  the  dependency  on  (R),  the 
concentration  of  the  reactivator.  It  is  assumed  in  this  treatment  that  there 
is  no  spontaneous  reactivation 

The  reactivation  rate  varies  with  (a)  the  enzyme  that  is  inhibited,  (6) 
the  nature  of  the  inhibitor,  (c)  the  nature  of  the  reactivator,  (d)  the  tem- 
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perature,  (e)  the  pH,  and  (/)  the  ionic  strength  of  the  medium.  The  effect 
of  temperature  is  usually  quite  marked  and  the  apparent  activation 
energies  are  high.  Until  the  details  of  the  kinetics  can  be  worked  out,  it 
will  not  be  possible  to  attribute  these  activation  energies  to  any  partic- 
ular step  in  the  reactivation.  The  entropy  of  activation  for  the  reactiva- 
tion of  TEPP-inhibited  cholinesterase  by  hydroxylamine  is  —  37  cal/ 
mole/deg  and  thus  is  very  high  (Wilson,  1952b).  This  was  interpreted  as 
indicating  a  very  restricted  geometric  path  of  attack  although  other  fac- 
tors may  certainly  contribute  to  this.  A  plot  of  the  reactivation  rate  against 
pH  shows  in  every  case  studied  a  rather  sharp  optimal  pH,  which  varies 
with  the  enzyme,  inhibitor,  and  reactivator  used  and  is  usually  between 
6.9  and  8.3  (Wilson  et  al.,  1955;  Cunningham,  1954;  Davies  and  Green, 
1956).  The  effects  of  pH  and  ionic  strength  on  the  reactivation  rate  are 
perhaps  partially  explained  on  the  basis  of  the  electrostatic  interactions 
between  the  reactivator  and  the  anionic  site  and  partially  by  the  changes 
induced  in  the  histidine  groups  that  are  phosphorylated  at  the  active 
site  (see  Chapter  14). 

It  is  interesting  in  connection  with  what  was  said  previously  about 
secondary  reactions  that  proceed  during  inhibition  and  reduce  the  reversibil- 
ity, that  the  longer  an  enzyme  is  incubated  with  an  organopohsphorus  inhi- 
bitor, the  more  irreversible  becomes  the  inhibition.  This  may  be  due  to  the 
transfer  of  the  phosphoryl  group  from  the  primary  site  of  attack,  which  is 
probably  histidine,  to  an  adjacent  serine  (Davies  and  Green.  1956).  Reacti- 
vation does  not  occur  when  the  enzyme  has  reached  this  final  irreversible 
stage  (Sanderson  and  Edson,  1959).  This  perhaps  explains  why  the  survival 
of  rats  poisoned  by  organophosphorus  compounds  and  treated  with  reac- 
tivators is  dependent  on  the  time  at  which  the  reactivator  is  given.  If 
the  reactivator  is  administered  within  1  hr  following  the  poisoning,  the 
survival  is  down  to  10%  (Fleisher  et  al.,  1960). 

The  interest  in  this  type  of  reactivation  is  justified  not  only  by  the  im- 
portant information  it  provides  on  the  enzyme  active  site  and  the  forces 
and  steric  factors  involved,  but  also  by  the  practical  significance  such  reac- 
tivators have  in  the  treatment  of  poisoning  by  the  organophosphorus  com- 
pounds. It  has  been  shown  that  2-PAM  and  related  reactivators  are  quite 
effective  in  protecting  animals  against  these  inhibitors  and  efforts  are  being 
made  to  develop  reactivators  that  are  distributed  in  the  body  in  a  satisfac- 
tory manner  to  bring  about  restoration  of  cholinesterase  activity  in  the 
critical  tissues.  This  aspect  of  the  jjroblem  will  be  discussed  in  a  later 
chapter  on  cholinesterase  inhibitors  (Volume  3).  Although  the  inhibition 
by  organoi^hosphorus  compounds  is  the  only  known  example  of  such  reac- 
tivation, it  may  be  speculated  that  other  cases  will  soon  ]}e  demonstrated, 
especially  in  the  field  of  monoamine  oxidase  inhibitors,  since  they  too  pre- 
sumably react  chemically  with  the  active  site  in  a  manner  related  to  the 
amine  substrates. 
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REVERSAL  OF  INHIBITION  BY  DESTRUCTION  OF 
INHIBITOR 

Decline  in  the  enzyme  or  metabolic  inhibition  as  the  result  of  the  des- 
truction of  the  inhibitor  sometimes  occurs  in  pure  enzyme  preparations  but 
is  more  common  in  homogenates  or  cellular  preparations.  Destruction  of  the 
inhibitor  may  be  enzymic  or  nonenzymic;  if  it  is  enzymic,  the  reaction  may 
be  catalyzed  either  by  the  inhibited  enzyme  or  by  another  enzyme  occur- 
ring in  the  mixture.  The  total  time  course  of  inhibition  in  such  cases  will 
follow  curves  of  the  type  shown  in  Fig.  13-12.  Curves  A,  B,  and  C  represent 


TIME 


Fig.  13-12.  Time  courses  of  inhibition  assuming 
destruction  of  the  inhibitor.  Curves  A,  B,  and  C 
show  three  different  concentrations  of  the  inhibitor 
for  a  situation  in  which  the  rate  of  inhibition  is 
rapid;  the  different  forms  of  the  curves  may  be 
noted.  In  curve  D  the  rate  of  inhibition  is  slower 
so   that    equilibrium    inhibition    is    never  reached. 


situations  in  which  the  inhibitor  reacts  rapidly  with  the  enzyme  whose  in- 
hibition is  being  measured  and  then  is  more  slowly  destroyed,  so  that  the 
maximal  inhibitions  reached  approximate  the  equilibrium  inhibition  ex- 
pected. These  three  curves  are  plotted  for  different  initial  concentrations 
of  the  inhibitor.  Curve  D  illustrates  a  situation  in  which  the  rate  of  inhibi- 
tion and  the  rate  of  destruction  of  the  inhibitor  are  more  comparable  and 
here  an  equilibrium  inhibition  is  never  reached  due  to  the  appreciable  loss 
of  the  inhibitor  while  the  inhibition  is  developing.  When  this  occurs,  inhi- 
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bition  data  cannot  be  interpreted  in  the  usual  manner  and  any  calculations 
of  inhibition  constants  from  the  results  will  be  incorrect. 

Spontaneous  Monomolecular  Destruction  of  an  Unstable  Inhibitor 

The  nonenzymic  inactivation  of  an  inhibitor  is  the  simplest  case  of 
inhibition  reversal  due  to  the  destruction  of  the  inhibitor  and  simple  ex- 
pressions for  the  decline  in  inhibition  with  time  may  be  obtained  in  some 
instances.  The  following  two  reactions  proceed  simultaneously: 

k_ 

EI  ;=^'  E   +  I  (13-59) 

k 
I  ->  Q 

where  Q  is  the  inactive  form  to  which  the  inhibitor  is  altered.  There  are 
three  possible  situations:  the  rate  of  dissociation  of  the  EI  complex  may 
limit  the  rate  of  reversal,  the  destruction  of  the  inhibitor  may  limit  the 
rate,  or  the  rates  may  be  comparable.  When  k  ^  ^•_i,  the  concentration  of 
free  inhibitor  may  be  kept  essentially  at  zero  and  the  decrease  in  inhibition 
will  be  determined  by  the  EI  dissociation  rate  (Eq.  13-4).  When  k_^  ^  k, 
an  approximate  equilibrium  will  be  maintained  between  the  enzyme  and 
the  free  inhibitor  so  that  the  inhibition  at  any  time  may  be  calculated  from 
the  concentration  of  free  inhibitor.  In  this  case: 


dt 

and  upon  integrating,  setting  (I)  =  (Iq)  when  t  =  0,  and  replacing  (I)  by 
iKJl  —  i,  the  inhibition  is  found  to  be: 

^  (13-60) 


1  +  [(l/io)  -  l]e 


where  ?'q  is  the  initial  inhibition.  This  equation  is  plotted  in  Fig.  13-13  for 
different  levels  of  the  initial  inhibition.  It  is  characteristic  of  such  curves 
that  at  high  inhibitions,  the  inhibition  does  not  change  greatly  with  time, 
despite  the  fact  that  the  rate  of  destruction  of  the  inhibitor  is  highest 
then.  This  results  from  the  nature  of  the  inhibition  equation,  i  =■  (I') 
[(I')  +  1],  in  that  at  high  values  of  (I'),  when  reduction  of  {!')  decreases 
both  numerator  and  denominator  comparably,  the  inhibition  is  rather  in- 
sensitive to  {!').  Actually  each  curve  in  Fig.  13-13  has  the  same  configura- 
tion and  they  are  merely  shifted  along  the  time  axis.  This  means  that  at 
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any  particular  level  of  inhibition,  the  rate  of  fall  will  be  the  same.  The 
slope  at  f  =  0  may  be  obtained  by  differentiating  Eq.  13-60: 


A-io(l  -  io) 


(13-61) 


Differentiating  this  again  and  setting  it  equal  to  zero,  it  is  found  that  the 
maximal  slope,  or  decrease  in  inhibition,  will  occur  when  i  =  0.5. 


TIME 


Fig.  13-13.  Time  courses  of  inhibition  assuming  a  spontaneous  monomolecular  de- 
struction of  the  inhibitor  (Eq.  13-60).  The  different  curves  represent  various  initial 
inhibitions,  k  =  0.1.  Curve  A:  („  =  0.95;  curve  B:  ig  =  0.90;  curve  C:  ig  =  0.67;  curve 
D:  ig  =  0.50;  curve  E:  i^  =  0.20. 


When  the  rates  of  dissociation  and  destruction  are  comparable,  it  is 
more  difficult  to  express  the  decline  of  the  inhibition,  since  there  are  now 
two  simultaneous  equations,  one  giving  the  change  in  the  inhibition  due 
to  the  dissociation  of  the  EI  complex: 


di 
dt 


K, 


(1  -  Dd)  -  k. 


(13-62) 
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and  the  other  the  rate  of  change  of  the  free  inhibitor  concentration: 

^  '         A-_i(E,)^  ~  — ^  (E,)(l  -  0(1)  -  A-(I)  (13-63) 


dt  '  A', 

It  may  be  easily  seen  that  the  rate  of  reversal  will  be  less  than  that  for 
EI  dissociation  in  the  absence  of  free  inhibitor  because  (I)  will  always 
have  a  significant  value.  The  reversal  curves  will  have  a  form  intermediate 
between  the  exponential  dissociation  type  and  the  sigmoid  destruction 
type  (i.e.,  between  curve  C  in  Fig.  13-1  and  the  curves  in  Fig.  13-13). 

Destruction  of  the  Inhibitor  by  the  Inhibited  Enzyme 

A  kinetic  equation  for  this  situation  was  derived  by  Goldstein  (1944) 
in  connection  with  the  reversal  of  serum  cholinesterase  inhibited  with  phy- 
sostigmine.  Expressing  his  equation  in  termes  of  inhibition  rather  than 
activity: 


-r   +  In 


I  -  i  1  -  i 


^-^^'^    t       (13-64) 


A, 


where  A'.,  is  the  rate  constant  for  the  dissociation  of  the  EI  complex,  as  in 
reaction  13-38.  Experimental  data  for  the  destruction  of  the  inhibitor  will 
provide  the  means  of  determining  A-2(E^)/iL  j.  If  (E,)  and  K,  are  known,  which 
is  seldom  the  case,  h.^  may  be  obtained,  or  A;.2  may  be  determined  by  methods 
such  as  have  been  worked  out  for  ordinary  substrate  reactions  (Huennekens, 
1953,  p.  583).  Physostigmine  is  destroyed  slowly  by  serum  cholinesterase 
and  the  above  equation  fits  the  data  obtained  by  Ellis  et  aL,  (1943)  with 
k^{'Eif)IKi  =  1.4  as  pointed  out  by  Goldstein,  from  whom  Fig.  13-14  is 
taken.  Curve  B  corresponds  to  the  experimental  data  and  curves  A  and  C 
were  plotted  for  other  initial  inhibitions.  The  curves  are  again  all  of  the 
same  configuration  and  the  most  rapid  decrease  in  the  inhibition  occurs 
now  at  i  =  0.33. 

Destruction  of  the  Inhibitor  by  an  Enzyme  Other  Than  the  One  Inhibited 
The  reactions  that  occur  in  this  situation  are: 

EJ  —  El   +  1  (13-65) 

^■. 

1   +  E^  4  E  J  4  E^   +  Q  (13-66) 

k_, 

where  E^  is  the  inhibited  enzyme  and  E2  is  the  enzyme  catalyzing  the 
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destruction  of  the  inhibitor.  If  we  assume  that  the  dissociation  of  Ejl  is 
rapid  compared  to  the  destruction  of  the  inhibitor,  the  inhibition  may  be 
calculated  from  the  value  of  (I)  at  any  time.  Since  the  rate  of  reaction  13-65 
is  given  by  the  usual  Michaelis-Menten  expression: 


dd)  A-4(E,)(I) 

dt  (I)  +  K,., 


(13-67) 
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Fig.  13-14.  Time  courses  of  inhibition  of  .serum  eholine.sterase  by 
physostigmine  (Eq.  1.3-64).  Curve  B  fits  the  exiaeriniental  data  obtained 
by  ElHs  et  al.  (1943)  while  curves  A  and  C  are  plotted  for  the  same 
inhibition  constants  but  different  initial  concentrations  of  physo- 
stigmine. In  all  case  k2(F,f)/Kj  =  1.4. 

the  variation  of  (I)  with  time  may  be  obtained  by  integration  of  this  equa- 
tion with  the  assumption  that  /  =  i^  at  ^  =  0: 


K, 


1 


'"T 


+  K, 


1 


1 


=  k,iE,)t      (13-68) 


This  is  similar  to  Eq.  13-63  but  there  is  a  greater  possibility  of  variation  in 
the  forms  of  the  reversal  curves,  arising  from  different  relative  values  of 
K^  and  K,,^. 
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Removal  of  the  Inhibitor  by  an   Inactivator 

If  the  free  inhibitor  reacts  with  a  substance  that  is  present  in  the  test 
medium  and,  as  a  result,  is  inactivated,  the  following  reactions  may  be 
written  for  an  irreversible  inhibition: 

k, 
E   +  I  -^  EI  (13-69) 

1   +  A  ^  Q  (13-70) 

where  Q  represents  a  product  or  products  resulting  from  the  inactivation 
of  the  inhibitor.  Since  the  inhibitor  concentration  will  decrease  with  time 
according  to: 

(I)  =  (I)oe-*2<^'*  (13-71) 

the  differential  equation  for  the  rate  of  change  of  the  inhibition  is: 

dildt  =  A-i(l  -  i){l)oe-h^^^'  (13-72) 

which  may  be  integrated  directly  for  the  situation  in  which  there  is  suffici- 
ent inhibitor  present  to  inhibit  the  enzyme  completely: 


1  —  exp 


^''(I)«'^(,-.,U)*^1] 


k-AA) 


(13-73) 


If  all  of  the  inhibitor  is  inactivated  before  the  inhibition  has  reached 
100%,  the  final  inhibition  will  depend  on  (I)^. 

REVERSAL  OF  INHIBITIONS  IN  CELLS 
AND  WHOLE  ANIMALS 

The  rise  and  fall  of  the  intracellular  inhibitor  concentration  during  pen- 
etration and  destruction  have  been  discussed  in  Chapter  8  and  expressed 
in  equations  such  as  8-8  and  8-9.  It  was  assumed  there  that  the  equilibrium 
between  the  enzyme  and  the  inhibitor  was  achieved  rapidly,  and  thus  the 
variation  of  the  inhibition  with  time  could  be  directly  calculated.  If  the 
formation  or  dissociation  of  the  EI  complex  lags  behind  the  changes  in 
inhibitor  concentration,  the  kinetics  of  inhibition  may  become  quite  com- 
plex. Better  than  following  this  approach  is  an  examination  of  the  occur- 
rence of  the  types  of  reversal  discussed  above  as  they  are  modified  in  cel- 
lular or  tissue  preparations.  It  must  be  borne  in  mind  that  there  are  many 
possible  reasons  for  the  recovery  of  some  cell  metabolic  process  or  function 
that  has  been  depressed  by  an  inhibitor,  as  listed  at  the  beginning  of  this 
chapter,  and  that  such  reversal  does  not  necessarily  imply  recovery  of 
the  activity  of  the  primary  enzyme  inhibited. 
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Diffusion  of  the  Inhibitor  from  the  Cells 

Inhibitors  that  are  stable  and  are  not  metabohzed  must  eventually  dif- 
fuse out  of  the  cells  if  the  EI  complex  is  to  dissociate  and  enzyme  activity 
is  to  be  restored.  Such  occurs  most  simply  when  inhibited  tissue  slices  are 
placed  in  an  inhibitor-free  solution,  or  when  an  inhibited  organ  is  perfused 
with  an  inhibitor-free  medium.  Diffusion  from  the  tissues  also  occurs  in 
whole  animals  as  the  inhibitor  is  excreted  through  the  kidneys  or  the  lungs. 
Just  at  the  rate  of  entrance  of  an  inhibitor  into  a  cell  may  modify  the  rate 
of  inhibition,  so  the  rate  of  leaving  the  cell  may  affect  the  recovery  from 
the  inhibition.   The  processes  involved  may  be  represented  as: 


(13-74) 


This  is  kinetically  the  same  as  the  case  in  which  the  inhibitor  undergoes 
monomolecular  destruction  (reactions  13-59)  and  the  same  principles  and 
equations  apply  here.  In  other  words,  the  rate  of  reversal  may  be  limited 
by  either  i)rocess  or  may  depend  on  both. 

Examples  of  the  Reversal  of  Cellular  Inhibition 

Only  a  very  cursory  examination  of  cellular  inhibition  reversal  will  be 
given.  Although  the  degrees  of  reversibility  have  often  been  reported  in  the 
studies  of  such  inhibitions,  very  little  quantitative  work  that  could  be 
submitted  to  kinetic  analysis  is  available.  It  will  suffice  to  mention  certain 
examples  that  illustrate  the  different  types  of  reversal. 

The  rate  of  reversal  of  inhibition  is  probably  determined  mainly  by  the 
efflux  of  the  inhibitor  from  the  cells  or  tissues  when  most  inhibitors  are 
administered  to  whole  animals.  This  is  not  primarily  because  of  a  low  per- 
meability to  the  inhibitors  but  to  the  low  concentration  gradient  across  the 
plasma  membranes.  The  concentration  of  the  inhibitor  falls  in  the  serum 
as  the  inhibitor  is  excreted  or  metabolized  and  the  release  of  inhibitor  from 
the  tissues  is  consequently  dependent  on  these  secondary  factors.  The  fall 
of  inhibitor  concentration  in  the  tissues,  as  in  the  case  of  acetazolamide 
(Table  8-2),  is  then  controlled  mainly  by  the  rate  of  fall  of  the  serum  level 
and  is  often  not  related  to  the  dissociation  of  the  EI  complex.  It  has  been 
postulated  by  Peters  (1952)  that  the  prolonged  inhibition  exerted  by  fluoro- 
acetate  is  at  least  partly  related  to  the  inability  of  the  fluorocitrate  form- 
ed to  leave  the  mitochondria  rapidly.  The  true  inhibitor  is  then  in  a  sense 
trapped  where  it  is  formed. 


644 


13.    REVERSAL    OF    INHIBITION 


Inhibition  reversals  whose  rates  are  limited  by  the  dissociation  of  the 
EI  complex  probably  occur  but  apparently  are  not  too  common.  In  cell 
suspensions  or  tissue  slices  exposed  to  mercurials  or  arsenicals  and  then 
resuspended  in  inhibitor-free  media,  one  might  predict  that  the  rate  at 
which  metabolic  activity  is  restored  would  be  primarily  dependent  on  the 
splitting  of  the  inhibitor  from  the  enzymes,  but  the  exjjeriments  of  Fink 
and  Wright  (1948  a,  b)  on  the  binding  of  oxophenarsine  to  erythrocytes 
indicate  that  the  situation  may  be  more  complex.  Rabbit  erythrocytes 
previously  incubated  with  different  concentrations  of  oxophenarsine  were 
resuspended  at  half-hourly  intervals  in  fresh  plasma  and  the  amounts 
of  arsenical  released  during  each  period  were  determined.  The  results  are 
shown  in  Table  13-2.  The  binding  of  oxophenarsine  was  mainly  reversible 

Table  13-2 

Release    of    Oxophexarsine    from    Rabbit    Erythrocytes    Resuspended 

IN  Normal  Plasma  " 


Interval 

Per  cent  of  the  arsenical  released 

(min) 

0.084  mM 

0.21  milf 

0.42  mM 

0-30 
30-60 
60-90 

73 

84 
90 

67 
70 
76 

57 
67 
71 

"  The  release  is  calculated  as  the  percentage  of  the  theoretical  amount  released 
assuming  complete  reversibility.  The  concentrations  of  oxophenarsine  to  which  the 
erythrocytes  were  previously  exposed  are  given  at  the  heads  of  the  columns.  From 
Fink  and  Wright  (1948  a). 


but  by  no  means  complete  at  90  min  and  the  fraction  that  was  not  released 
increased  with  the  concentration  of  the  arsenical.  It  is  clear  that  there  are 
different  binding  sites  for  the  oxophenarsine  in  the  erythrocytes.  From 
some  of  these  sites  the  arsenical  is  relatively  rapidly  dissociated  but  from 
other  sites  only  very  slowly.  No  enzymic  studies  were  carried  out  and  con- 
sequently it  is  not  known  in  what  category  the  enzyme  sites  should  be  plac- 
ed. They  then  showed  that  oxophenarsine  dialyzed  c^uite  readily  from 
serum  but  much  mor.e  slowly  from  blood.  However,  if  the  erythrocytes 
were  hemolyzed  with  saponin,  the  dialysis  of  the  arsenical  was  increased; 
destruction  of  the  cell  membrane  increased  the  percentage  dialyzing  in  6 
hr  from  33%  to  59%.  This  could  be  interpreted  as  a  barrier  to  diffusion  im- 
posed by  the  cell  membrane.  Thus  both  dissociation  and  diffiusion  factors 
would  be  implicated.  Certain  inhibitors  whose  actions  on  cells  or  tissues  are 
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developed  rapidly,  indicating  rapid  penetration  into  the  cells,  may  not 
show  nearly  as  fast  a  reversal  of  the  inhibition  when  removed  from  the 
extracellular  medium.  Some  of  the  metal  chelators,  such  as  1,10-phenan- 
throline  or  2,2'-dipyridine,  may  behave  in  this  manner  (Webb  et  al.,  1958) 
and  in  these  instances  the  limitation  of  the  rate  of  reversal  may  be  attrib- 
uted to  the  rather  slow  dissociation  of  these  chelators  from  metal  sites 
in  the  cells. 

Examples  in  which  the  recovery  of  enzyme  activity  is  dependent  on  the 
svnthesis  of  new  enzyme  by  the  tissues  are  provided  by  the  organophos- 
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Fig.   13-15.  The  recovery  of  monoamine  oxidase  activity  in  mouse  brain  following 

a  single  dose  of  ^-phenylethylhydrazine  (32  mg/kg  intraperitoneally).  The  fall  in  the 

initially  elevated  brain  serotonin  is  also  shown.  (From  Chessin  et  al..  19.59.) 


phorus  inhibitors  of  cholinesterase  and  the  irreversible  inactivators  of 
monoamine  oxidase.  In  these  cases  it  requires  many  days  for  restoration  of 
normal  enzyme  activity.  The  return  of  monoamine  oxidase  in  mouse  brain 
after  a  single  dose  of  /?-phenylethylhydrazine  is  shown  in  Fig.  13-15.  Cor- 
related with  this  rise  in  enzyme  activity  is  the  drop  in  the  initially  elevated 
brain  serotonin  level,  which  in  turn  is  probably  correlated  with  the  return 
of  normal  central  nervous  system  function.  Single  injections  of  diisopropyl- 
fluorophosphate   similarly   inactivate   cholinesterase   and  modify  nervous, 
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muscular,  and  glandular  functional  activity  for  long  periods  of  time.  Both 
of  these  groups  of  inhibitors  contain  members  that  do  not  produce  com- 
pletely irreversible  inactivation  and  with  these  the  return  to  activity  is 
dependent  on  the  rate  of  spontaneous  enzyme  reactivation  as  well  as  re- 
synthesis  of  the  enzyme. 

Effective  reversal  of  intracellular  inhibition  by  the  addition  of  a  sub- 
stance binding  the  inhibitor  is  well  documented  and  is  the  basis  for  the 
clinical  use  of  dimercaprol  in  heavy  metal  poisoning.  Walker  in  1928 
showed  that  the  ciliate  Colpidium.  immobilized  by  various  arsenicals  could 
be  rapidly  restored  by  the  addition  of  thioglycolate  and  in  Voegtlin's 
laboratory  (Voegtlin  et  al.,  1931)  it  was  soon  demonstrated  that  glutathione 
would  restore  tissue  respiration  depressed  by  arsenicals.  Since  that  time 
many  instances  of  such  reversal  by  a  variety  of  sulf  hydryl  compounds  have 
been  reported,  culminating  in  the  discovery  of  the  particular  effectiveness 
of  dimercaprol.  The  injection  of  dimercaprol  into  an  animal  previously 
treated  with  an  arsenical  produces  a  very  rapid  increase  in  the  urinary 
excretion  of  the  arsenical  (Eagle  et  al.,  1946).  This  sudden  burst  of  urinary 
arsenical  is  accompanied  by  a  rise  in  plasma  arsenic  and  is  due  primarily 
to  the  withdrawal  of  the  arsenical  from  the  tissues.  The  dimercaprol  prob- 
ably binds  the  free  arsenical  in  both  the  blood  and  tissue  cells  since  the 
cells  are  permeable  to  this  reversor,  but  it  is  not  necessary  for  the  reversor 
to  penetrate  into  the  cells  to  reverse  the  inhibition.  Danielli  et  al.,  (1947) 
showed  that  dimercaprol  glucoside  (BAL-INTRAV),  which  presumably 
enters  cells  with  difficulty,  is  effective  in  combatting  the  toxic  actions  of 
arsenicals.  This  would  be  expected  inasmuch  as  there  is  an  equilibrium 
between  free  inhibitor  in  the  plasma,  in  the  extracellular  fluid,  in  the  cy- 
toplasm, and  bound  arsenical.  Reduction  of  the  free  arsenical  in  the  plasma 
to  near  zero  would  withdraw  arsenical  from  the  tissues  at  the  same  rate 
as  would  be  observed  if  the  tissue  were  placed  in  an  inhibitor-free  medium. 

Kinetics  of  Organophosphorus  Poisoning  and  Its  Treatment 

The  time  course  of  the  poisoning  resulting  from  the  administration  of 
organophosphorus  inhibitors  to  animals  is  probably  quite  complex  because 
of  the  numerous  reactions  occurring.  A  very  interesting  mathematical  treat- 
ment of  such  poisoning  was  developed  by  Green  (1958)  and  this  can  be  ap- 
plied, to  varying  extents,  to  other  inhibitions  or  poisonings  by  irreversible 
inhibitors.  It  was  assumed  that  the  inhibitor  can  undergo  the  following 
reactions:  (1)  combination  with  enzymes,  (2)  spontaneous  inactivation,  (3) 
inactivation  by  substances  present  in  the  body,  and  (4)  reactivation  of  the 
inhibited  enzyme.  The  approach  used  by  Green  is  different  from  that  pre- 
sented previously  in  the  chapter  because  his  object  was  to  determine  the 
dosages  of  the  inhibitors  necessary  to  produce  a  lethal  level  of  enzyme 
inhibition.  His  treatment  will  be  described  for  two  common  situations. 
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When  the  inhibitor  reacts  with  and  is  inactivated  by  a  substance  in  the 
body,  and  the  inhibited  enzyme  is  not  reactivated: 

E   +  I  ^  EI  (13-75) 

I   +  A  4  Q  (13-76) 
The  rates  of  change  of  (E)  and  (I)  may  be  expressed  as: 

d(^)ldt  =  -  k,ma)  (13-77) 

diDldt  =  -  A-i(E)(I)  -  A:3(I)(A)  (13-78) 
Dividing  these  equations,  one  obtains: 


and  integrating: 


-^    ^  1  +  i^  (13-79) 

d(E)  /ki(E) 


(I)  =  ih)  -  ^^  hi    -^^  -  (E,)  +  (E)  (13-80) 

fci  (Ml) 


where  (I,)  and  (E^)  represent  the  initial  or  total  concentrations  of  inhibitor 
and   enzyme.    When    (I^)  ^  (E,): 

(I)  =  (I,) In    — -—  (13-81) 

After  all  of  the  inhibitor  has  reacted  and  (I)  =  0: 

(I,,  =  i^   1„      <^  (13-82) 

where  (E),„,„  is  the  final  and  minimal  enzyme  concentration  reached.  If 
we  now  require  that  this  minimal  enzyme  concentration  be  lethal  to  the 
organism,  the  initial  concentration  of  the  inhibitor  required  to  kill  is 
given  by: 

(I),  =  IfL  In    -*L  (13-83) 

ki  (E)l 

where  (E)^  is  the  concentration  to  which  the  enzyme  must  drop  for  a  lethal 
action.  In  terms  of  the  enzyme  inhibition  required  for  a  lethal  action: 


^2(A)        , 

(I)l  =  -~^  hi 
ki 


1   -^r 


(13-84) 
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(I)l  may  be  equated  with  the  lethal  dose  in  moles  per  liter.  This  lethal 
dose  must  increase  as  the  inhibition  required  to  kill  increases. 

When  a  reactivator  of  the  iV-alkylpyridine  aldoxime  type  is  present,  the 
following  reaction  also  occurs: 

EI   +  R  4  E   +  T  (13-85) 

where  the  distinction  between  EI  and  EX  has  been  ignored.  A  similar  treat- 
ment leads  to  an  expression  for  (I)^.  If  this  value  for  (I)^  in  the  presence 
of  the  reactivator  is  divided  by  the  value  for  (I)^  in  the  absence  of  any 
reactivator,  one  obtains  what  Green  called  the  therapeutic  efficiency  of 
the  reactivator. 


(I)l.r    _  1  +  i_6 


(I). 


.  r  hJ-R)    1_ 

'  L  ^.(I)l     1  - 


(13-86) 


where  (I)j  ^  is  the  lethal  dose  in  the  presence  of  the  reactivator.  This  is 
an  approximate  expression  inasmuch  as  certain  assumptions  had  to  be 
made  to  simplify  the  equation  for  practical  use.  For  example,  it  is  assumed 
that  the  inhibitor  and  reactivator  are  homogeneously  distributed  through- 
out the  body,  and  that  the  concentrations  of  the  inactivator  and  reacti- 
vator are  constant  over  a  short  interval.  The  expression  is  valid  when  -i^ 
is  high  and  the  therapeutic  efficiency  is  less  than  20.  Some  interesting  de- 
ductions may  be  made  from  Eq.  13-86.  The  therapeutic  efficiency  depends 
on  the  inhibition  in  such  a  manner  that  the  efficiency  increases  as  the  lethal 
degree  of  inhibition  increases.  Also  the  therapeutic  efficiency  is  propor- 
tional to  the  eight-tenth  power  of  1/(1  —  i^)  whereas  without  the  reacti- 
vator, (I)l  is  proportional  to  In  1/(1  —  i^).  Therefore,  the  presence  of  the 
reactivator  causes  the  level  of  required  enzyme  inhibition,  i^,  to  be  very 
important.  If  i^^  can  be  changed  in  any,  way,  as  by  the  application  of  atro- 
pine to  block  some  of  the  effects  of  the  rise  in  acetylcholine  concentration, 
the  therapeutic  efficiency  for  a  particular  reactivator  may  be  much  im- 
proved. Although  this  approach  is,  to  some  extent,  qualitative  because  of 
the  unknown  factors  that  must  be  involved  in  the  poisoning,  it  is  a  first 
step  towards  a  more  accurate  and  comprehensive  treatment  based  on  fur- 
ther experimentation. 
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The  degree  of  enzyme  inhibition  frequently  varies  with  the  pH  and  this 
would  be  expected  inasmuch  as  the  concentrations  and  constants  in  the 
general  inhibition  Eq.  3-11  may  all  be  pH-dependent.  It  might  also  be  in- 
ferred from  the  fact  that  enzymes  are  proteins  and  hence  possess  ionizing 
groups  which  determine  in  part  the  pattern  of  electrical  charge  over  the 
enzyme  surface  and  regulate  the  extent  to  which  the  enzyme  interacts 
with  any  substance,  whether  substrate,  activator,  coenzyme,  or  inhibitor. 
The  observed  variations  in  enzyme  activity  with  pH,  either  in  the  absence 
or  presence  of  inhibitors,  provide  data  that  may  be  used  to  demonstrate 
ionizing  groups  at  the  active  center,  and  often  allow  the  acid  dissociation 
constants  of  these  groups  to  be  calculated.  Knowledge  of  these  constants 
makes  it  possible  to  speculate  on  the  nature  of  the  ionizing  groups  and  a 
great  deal  of  what  is  known  about  the  properties  of  enzyme  active  centers 
has  been  derived  from  studies  of  the  effects  of  pH.  Most  of  the  investigations 
have  been  concerned  with  the  changes  in  enzyme  activity  produced  by  pH 
variations  and  relatively  little  has  been  done  with  inhibitors.  However, 
for  the  purpose  of  characterizing  ionizing  groups  at  the  active  center,  in- 
hibition often  provides  more  readily  interpretable  data  than  activity  stud- 
ies because  the  changes  in  the  inhibition  constant,  K^,  are  directly  re- 
lated to  the  binding  of  the  inhibitor  to  the  enzyme,  whereas  in  the  case  of 
the  substrate  one  must  also  consider  the  possibility  that  pH  affects  the  rate 
of  breakdown  of  the  ES  complex  and  that  the  Michaelis  constant,  K„^, 
may  not  be  a  simple  dissociation  constant.  Just  as  it  is  easier  to  determine 
directly  K^  than  Kg,  so  it  is  often  more  convenient  to  interpret  changes 
in  Kj^  than  in  K^^.  It  should  be  realized  that  in  any  case  the  effects  of  pH 
may  be  very  complex  and  that  the  complexities  increase  rapidly  as  one 
proceeds  from  single  pure  enzymes  to  multienzyme  systems  and  eventually 
to  cells.  It  is  true  that  many  of  these  effects  of  pH  are  at  present  beyond 
our  powers  of  analysis.  Nevertheless,  if  one  begins  with  simple  enzymes 
and  progresses  to  more  complex  systems,  one  finds  that  some  general  prin- 
ciples appear  and  that,  indeed,  pH  studies  can  provide  a  great  deal  of  in- 
formation on  enzyme  and  inhibition  mechanisms. 
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EXPRESSIONS   FOR  THE   pH-FUNCTIONS   OF  WEAK   ACIDS 

AND  BASES 

Some  convenience  and  economy  of  presentation  will  be  gained  by  express- 
ing the  pH  dependence  of  the  concentration  of  any  species  of  a  weak  acid 
or  base  in  terms  of  a  function.  The  concentration  of  the  species  will  then  be 
related  through  this  function  to  the  total  concentration  of  the  substance. 
The  simplest  case  is  when  a  single  proton  is  involved  in  the  dissociation: 


H  +  B 


HB 


K„ 


(14-1) 


where  HB  is  the  acid  and  B  is  the  conjugate  base. 

The  charges  that  may  exist  on  these  species  are  intentionally  omitted 
in  order  to  make  the  treatment  more  general.  Thus  the  above  equation  could 
represent  either: 

H+  +  B  ^  HB+ 
or: 

H+  +  B~  ^  HB 

It  is  easy  to  show  that  the  functions  to  be  used  will  be  the  same  in  these 
cases  or  in  any  others,  the  only  requirement  being  that  HB  will  have  one 
positive  charge  more  than  B. 

If  the  total  concentration  of  the  substance  (acid  +  conjugate  base)  is 
represented  by  (B,),  the  following  expressions  may  be  derived: 


(B,) 


-1 


(B) 


1  + 


(H) 


(HB) 


These  may  be  rewritten  simply  as: 

(B,)  =/,'(B)  =A,'(HB) 


(14-2) 


(14-3) 


where  f^'  and  f  /^^  are  functions  relating  the  concentrations  of  B  and  HB 
to  the  pH. 

When  the  dissociation  of  two  protons  is  involved: 


H  +  B  —  HB  7C" 

H  +  HB  ;:±  H3  K,' 

the  following  expressions  may  be  written: 


(B,)  = 


K„"         K„'K„" 


(B) 


(14-4) 
(14-5) 

(14-6) 
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(B,) 


(B,)  = 


1  + 


1  + 


(H) 

Kg' 

(H) 


+ 


K„ 


(H) 
K„'K„" 


(H)^ 


(HB) 
(H3) 


In  terms  of  the  pH  functions: 

(B,)  =A"(B)  =A."(HB)  =A,,"(H,B) 


(14-7) 
(14-8) 

(14-9) 


The  convention  is  adopted  with  respect  to  these  functions  that  the  total 
number  of  dissociable  protons  is  represented  by  the  primes  and  the  partic- 
ular species  to  which  the  function  applies  is  given  in  the  subscript.  When 
three  or  more  protons  must  be  taken  into  account,  similar  expressions  may 
be  formulated. 

The  values  of  the  various  functions  may  be  summarized  here  for  reference. 
B  may  refer  to  the  enzyme  active  site,  the  substrate,  the  inhibitor,  or  to 
any  of  the  complexes  between  them;  thus  fj/^^  is  the  function  expressing 
the  concentration  of  HES,  the  enzyme-substrate  complex  associated  with 
one  proton,  when  the  three  forms   —   ES,  HES,  and  HgES  —  occur. 


A' 

Jhb 
h" 
Jhb 
fh/ 

A'" 

Jhb 

fh^b' 

Jh^b' 


=  1  + 

=  1  + 

=  1  + 

=  1  + 

=  1  + 

=  1  + 

=  1  + 

=  1  -f 

=  1  + 


(H) 

Kg 

(H) 

(H) 

(H) 
Kg' 

Kg' 

(H) 
(H) 

Kg'" 
Kg'" 

Kg" 

(H) 

Kg' 

(H) 


+ 


+ 


-f 


+ 


+ 


+ 


-f 


(H)^ 


Kg'Kg" 

K" 


(H) 

Kg' Kg" 

(H)^ 

Kg"Kg"' 

(H)    ^ 


(H)3 


Kg'Kg"Kg" 

(H)^ 


Kg" 

(H) 

Kg' 
Kg'K, 

(H)^ 


+ 


Kg'Kg 

Kg"  Kg 


+ 


Ka'Kg'Ka'" 

(HF 


(14-10) 
(14-11) 
(14-12) 
(14-13) 
(14-14) 
(14-15) 
(14-16) 
(14-17) 
(14-18) 
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VARIATION  OF  ENZYME  ACTIVITY  WITH  pH 

The  effects  of  pH  variation  on  the  rates  of  enzyme  reactions  will  be 
briefly  discussed  to  provide  a  basis  for  the  understanding  of  the  depen- 
dency of  inhibitions  on  the  pH.  Many  excellent  theoretical  treatments 
of  pH  effects  are  available  and  the  following  are  particularly  recommended: 
Laidler  (1955b, c,d,  1958,  p.  117),  Alberty  (1956a, b),  Friedenwald  and 
Maengwyn-Davies  (1954),  Dixon  and  Webb  (1958,  p.  120),  and  Reiner 
(1959,  p.  229).  The  experimental  data  can,  in  most  cases,  be  adequately 
interpreted  at  the  present  time  in  terms  of  various  ionizing  groups 
assigned  to  the  active  center,  the  substrate  or  the  ES  complex,  or  to  any 
coenzymes  or  activators  that  may  be  involved  in  the  reaction.  One  aim 
of  this  chapter  is  to  apply  and  extend  the  results  and  theories  to  the  prob- 
lems of  enzyme  inhibition.  It  is  evident  that  the  experimental  determi- 
nation of  the  dependence  of  inhibition  on  pH  must  involve  simultaneous 
measurements  of  the  variations  of  the  uninhibited  rates  in  order  that  con- 
trol values  may  be  obtained  and  in  many  cases  knowledge  of  the  behavior 
of  the  enzyme  in  the  absence  of  the  inhibitor  is  essential  to  interpret  the 
mechanism  by  which  the  inhibition  is  modified  by  pH.  In  even  the  most 
simple  enzyme  preparations  used  for  the  determination  of  activity,  there 
is  often  a  variety  of  interacting  substances  altering  the  relationships  of 
the  enzyme  and  substrate  —  activators,  coenzymes,  inhibitors,  physiolog- 
ical and  buffer  ions  —  and  the  mass-action  principles  of  interaction  are 
applicable  in  all  cases.  One  may  consider  all  such  substances  as  modifiers 
and  very  general  treatments  may  be  formulated  on  this  basis.  However, 
for  practical  purposes  it  is  usually  more  convenient  to  consider  only  those 
substances  that  are  varied  in  the  experimental  procedure;  thus  the  effects 
of  the  hydrogen  ion  can  be  treated  separately.  Although  the  interactions 
of  the  enzyme  with  the  hydrogen  ion  are  basically  quite  comparable  to 
the  interactions  with  other  modifiers,  the  results  of  variation  of  the  pH 
are  usually  more  complex  because  so  many  of  these  other  modifiers  are 
themselves  affected  by  pH  changes.  Therefore,  in  each  case  in  which  the 
pH  is  altered,  one  must  take  into  account  all  the  possible  effects  on  the 
dissociable  components  of  the  system.  The  pH-dependent  behavior  of  an 
enzyme  may  thus  be  very  complex  and  although  every  effort  should  be 
made  to  simplify  and  isolate  the  individual  effects,  this  inherent  complexity 
should  never  be  ignored. 

Mechanisms   by  Which  pH  Effects  May  Be  Exerted 

The  rates  of  enzyme  reactions  may  depend  on  the  pH  for  a  variety  of 
reasons.  The  following  classification  includes  most  of  the  important 
mechanisms. 


VARIATION    OF    ENZYME    ACTIVITY    WITH    pH  653 

I.  Direct  alteration  of  the  state  of  the  ionizable  groups  at  the  active  center 

A.  Effects  on  the  binding  of  substrates,  activators,  or  coenzymes  to  the 
active  center. 

B.  Effects  on  the  rate  of  dissociation  of  the  ES  complex. 

C.  Effects  on  the  catalytic  reaction  when  this  involves  H"*"  donated  or 
accepted  by  groups  at  the  active  center. 

II.  Indirect  effects  on  the  ionizable  groups  at  the  active  center 

A.  Arising  from  ionizable  groups  vicinal  to  the  active  center. 

B.  Arising  from  changes  in  the  total  charge  on  the  enzyme  protein. 

III.  Alteration  of  the  states  of  ionization  of  the  nonenzyme  components  of 
the  system 

A.  Components  directly  involved  in  the  reaction  (substrates,  activators, 
or  coenzymes). 

B.  Modifiers  indirectly  affecting  the  reaction  rate  (buffers  and  possible 
impurities  in  the  enzyme  preparation). 

IV.  Alteration  of  enzyme  protein  structure 

A.  Local  changes  in  structure  modifying  the  configuration  of  the  ac- 
tive center. 

B.  Denaturation  processes  involving  the  total  protein  structure. 

C.  Association-dissociation   reactions   of  enzyme   subunits. 

All  of  these  effects  relate  fundamentally  to  changes  in  the  ionization  states 
of  groups  on  the  components  of  the  total  enzyme  system.  Hence,  the  pri- 
mary reactions  of  the  hydrogen  ion  may  be  expressed  in  terms  of  the  classic 
acid-base  dissociation  concepts.  The  relations  between  these  primary  reac- 
tions and  the  over-all  enzymic  rate,  however,  are  often  not  simple. 

The  classification  of  the  mechanisms  involving  enzyme  ionization  groups 
according  to  the  location  of  these  groups  relative  to  the  active  center  is 
similar  to  that  of  Alberty  (1956  a)  who  divided  the  ionizable  groups  into 
those  that  (1)  occur  at  the  active  center  and  which  must  exist  in  a  par- 
ticular ionized  state  for  catalytic  activity,  (2)  occur  in  the  neighborhood 
of  the  active  site  and  have  a  definite  effect  on  the  catalytic  activity,  and 
(3)  occur  over  the  rest  of  the  surface  of  the  enzyme.  The  major  effects  ob- 
served upon  changing  the  pH  will  depend  on  the  ionizable  groups  at  the 
active  center;  the  quantitative  kinetic  treatments  have  dealt  almost  ex- 
clusively with  such  groups.  However,  the  vicinal  groups  and  the  total 
enzyme  charge  can  exert  effects  which  are  appreciable  and  they  must  be 
considered  in  more  refined  theories.  Some  of  the  observed  discrepancies 
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from  theories  based  only  on  active  center  groups  may  well  arise  in  these 
more  indirect  influences.  The  attempts  to  estimate  the  effects  of  these 
outlying  groups  will  be  considered  later. 

The  division  of  the  mechanisms  with  regard  to  the  steps  in  the  catalytic 
sequence  (as  in  category  I)  can  be  illustrated  in  the  reaction: 

E+S;^ES^EP-^E+P  (14-19) 

where  only  the  forward  formation  of  product  is  considered.  The  rate  con- 
stants, kj^  and  ^_i,  may  be  sensitive  to  the  pH  and  hence  Kg  =  k_ilki 
may  vary  with  the  pH.  This  means  that  the  affinity  of  the  enzyme  for  the 
substrate  is  pH-dependent  because  of  changes  on  the  groups  responsible 
for  the  binding  (lA).  The  rate  constant,  A'g,  for  the  dissociation  into  the 
free  enzyme  and  the  product  may  also  be  pH-dependent  because  of  the 
changing  electrical  fields  arising  from  ionizable  groups  at  or  near  the  active 
center  (IB).  The  actual  molecular  rearrangements  occurring  in  the  trans- 
formation of  the  substrate  to  the  i^roduct  may  also  be  pH-dependent,  most 
commonly  because  of  the  participation  of  dissociable  hydrogen  ions  in  the 
reaction  (IC).  In  those  cases  in  which  the  reverse  reaction  is  significant, 
consideration  must  also  be  given  to  the  possible  variation  of  the  equili- 
brium constant  between  S  and  P  with  the  pH.  Reactions  that  are  more 
complex,  involving  additional  components,  will,  of  course,  present  other 
possibilities  for  pH  effects. 

The  modifications  in  enzyme  structure  brought  about  by  variation  in  the 
pH  (IV)  are  little  understood  and  are  not  susceptible  to  quantitative  analy- 
sis. The  structural  changes  may  l)e  reversible  or  irreversilile.  In  the  latter 
case,  it  is  at  least  possible  to  detect  such  changes  and  take  them  into  ac- 
count when  subjecting  the  data  to  kinetic  theory.  It  is  important  in  any 
study  of  pH  effects  to  eliminate  these  irreversible  modifications  in  the  en- 
zyme (usually  termed  denaturation).  Every  enzyme  will  become  unstable 
outside  of  a  particular  and  characteristic  pH  range.  It  is  necessary  to  ex- 
amine, under  the  conditions  of  the  procedure,  the  reversibility  of  the  changes 
induced  by  the  pH  and  thus  establish  that  one  is  working  within  a  pH 
range  susceptible  to  kinetic  treatment.  The  return  of  the  enzyme  prepa- 
ration to  the  initial  pH  to  demonstrate  any  loss  of  activity  is  the  most 
common  method.  Sometimes  the  instability  of  an  enzyme  may  be  detected 
by  a  progressive  decline  in  the  rate  at  abnormal  pH's,  and  thus  it  is  advisable 
to  determine  the  activities  or  inhibitions  over  different  time  intervals  when 
a  system  is  first  being  studied.  Eventually  it  may  be  necessary  to  limit  the 
measurements  to  a  short  initial  period  before  an  appreciable  irreversible 
change  has  occurred.  The  evidence  for  reversible  structural  changes,  par- 
ticularly if  they  are  localized,  is  difficult  to  obtain  but  it  would  appear 
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likely  that  in'oteins  are  fictile  enough  to  respond  structurally  to  changes 
in  local  electrical  fields.  The  distance  between  two  binding  or  reactive  groups 
at  the  active  center  might  be  varied  slightly  as  the  charged  groups  in  the 
neighborhood  appear  or  disappear.  Likewise,  little  is  known  of  the  imiDor- 
tance  of  the  dissociation  of  enzymes  into  subunits  and  the  effects  this  would 
have  on  activity.  It  is  known  that  there  is  little  association  of  the  units 
of  «-chymotry]3sin  at  pH  8,  but  that  association  occurs  to  some  extent  at 
pH  7  and  presumably  increases  at  lower  pH's  (Booman  and  Niemann,  1957). 
The  enzymic  activity  seems  to  be  greater  in  the  dissociated  form.  Since  the 
degree  of  association  depends  on  the  enzyme  concentration,  the  likelihood 
of  significant  association,  and  thus  the  possibility  of  modifying  it,  would 
be  greater  in  mitochondria  or  cells  where  the  concentrations  of  enzymes 
are  often  much  greater  than  in  studies  of  isolated  enzymes. 

General   Dependence  of  Enzymic  Rate  on   pH:  Occurrence  of  pH  Optima 

A  characteristic  feature  of  the  rate-pH  curves  for  most  enzymes  is  that 
the  rate  is  maximal  at  a  certain  pH  (or  over  a  range  of  pH)  and  falls  off 
on  either  side.  The  pH  at  which  the  activity  is  maximal  is  called  the  optimal 
pH.  The  optimal  jdH  for  a  iiarticular  enzyme  will  usually  vary  with  the 
substrate  used,  the  temperature,  the  ionic  strength,  and  other  factors.  The 
concentration  of  the  substrate  may  also  be  important:  the  pH  optimum 
of  the  alkaline  phosphatase  of  rat  kidney  shifts  to  progressively  higher 
values  as  the  substrate  concentration  is  increased  (Neumann,  1949).  The 
presence  of  an  inhibitor  may  modify  the  pH  optimum  and  certain  informa- 
tion on  the  mechanism  of  the  inhibition  can  occasionally  be  obtained  from 
such  an  effect.  Possible  explanations  for  pH  optima  will  be  presented  in 
the  following  sections  but  it  is  well  to  emphasize  immediately  that  these 
optima  do  not  depend  on  irreversible  or  denaturation  changes,  inasmuch 
as  they  occur  within  pH  ranges  in  which  the  changes  in  activity  are  com- 
pletely reversible.  When  denaturation  takes  place,  its  effect  on  activity 
adds  to  the  reversible  changes,  and  for  the  purposes  of  kinetic  evaluation 
this  should  be  corrected  for.  Finally,  a  common  misconception  in  the  in- 
terpretation of  pH  optima  should  be  pointed  out.  It  is  frequently  stated 
that  the  existence  of  a  pH  optimum  implies  two  ionizing  groups  on  the  en- 
zyme; this  is  sometimes  extended  to  state  that  these  groups  are  actively 
engaged  in  the  catalytic  reaction  (e.g.,  acting  as  proton  donors  and  accept- 
ors). In  the  first  place,  a  single  dibasic  group  on  the  enzyme  can  account 
for  this  phenomenon.  In  the  second  place,  when  two  groups  are  involved, 
it  is  not  necessary  that  they  both  be  on  the  enzyme;  the  interaction  of  E~ 
and  SH+,  for  example,  would  occur  significantly  only  in  the  pH  range  be- 
tween the  pK^'s  of  the  enzyme  and  substrate.  All  that  pH  optima  imply 
is  that  the  system  involves  two  or  more  dissociable  protons. 
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Expressions  for  the  pH  Depencence  of  Enzymic  Rate 

A  complete  and  rigorous  steady-state  treatment  of  even  relatively  simple 
enzyme  systems  with  respect  to  their  response  to  pH  changes  is  laborious 
and  the  resultant  exx;)ressions  are  too  unwieldly  to  apply  to  experimental 
data  (Laidler,  1955  b,  1958,  p.  125).  In  most  cases  it  seems  that  the  data 
can  be  adequately  interpreted  by  simpler  kinetics  and  for  the  ijresent  pur- 
pose it  will  suffice  to  outline  a  basic  api^roach  and  to  illustrate  this  with 
some  examples.  Extensions  to  cover  various  complications  may  readily 
be  made  on  this  basis. 

Equilibrium  kinetics  rather  than  steady-state  kinetics  will  be  used  for 
several  reasons.  Firstly,  as  mentioned  above,  a  rigorous  steady-state  anal- 
ysis is  complex  and  in  the  present  state  of  our  knowledge  it  is  not  profitable. 
Secondly,  proton  association  and  dissociation  reaction  rates  are  generally 
very  rapid  compared  with  enzyme  reaction  rates  and  hence  would  seldom 
be  of  significance  in  the  over-all  rate  expression.  Thirdly,  it  is  usual  to 
express  the  results  in  terms  of  changes  in  iiL„,  or  F,„;  in  most  cases  these 
cannot  be  broken  down  satisfactorily  into  rate  constants  at  any  pH,  so 
it  is  useless  to  attempt  to  interpret  pH  effects  on  these  rate  constants  at 
present.  Lastly,  it  will  be  evident  later  that  the  extension  of  the  treatment 
to  enzyme  inhibition,  which  is  our  primary  concern,  is  completely  satis- 
factory. 

A  further  word  may  be  said  regarding  the  rates  of  proton  association  and 
dissociation,  inasmuch  as  these  rates,  relative  to  the  rates  of  the  other 
reactions  occurring  in  the  inhibition,  determine  whether  ionization  rates 
must  be  included  in  the  treatment  or  not.  The  rate  constants  for  the  reac- 
tion: 


H  +  B 


HB 


for  some  acids  are  given  by  Bell  (1959)  (see  tabulation  below).  Average 
values  for  the  carboxyl  group  would  be:  log  k,^  =  10.1  and  log  k^  =  6.7. 


Substance 

(liters 

Log  A-„ 
mole~i  sec-i) 

Log  A'd 
(sec~i) 

Water 

11.1 

-4.6 

Sulfuric  acid 

10.6 

9.0 

Acetic  acid 

10.8 

5.7 

Formic  acid 

9.0 

4.7 

Boric  acid 

10.1 

1.0 

Trimethylammonia 

10.9 

1.1 
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The  formation  of  water  from  H+  and  0H~  is  very  rapid,  k^  being  1.3  x  lO^i 
liters  mole-^  sec"^.  Since  most  of  these  rates  are  very  rapid,  one  would 
not  expect  them  to  be  limiting  in  ordinary  enzyme  reactions. 

Let  us  consider  initially  the  simple  situation  in  which  the  enzyme  does 
not  ionize  over  the  pH  range  studied;  the  -pK,,  of  a  monobasic  substrate, 
however,  lies  within  this  range.  It  may  be  assumed  that  either  S  or  HS 
combines  with  the  enzyme.  The  former  case  is  represented  by  the  reactions: 


(14-20) 


A-. 

k 
ES  - 

^  E  + 

S     ^ 

HS 

The 

conservation 

equations  are: 

(E,) 

=  (E)  +  (ES) 

(S,)  = 

=  (S) 

+  (HS) 

(14-21) 
(14-22) 

The  term  lES)  has  been  omitted  in  the  expression  for  (S,)  because  this  is 
not  a  mutual  depletion  system.  The  rate  is  given  by  v  =  A'2(ES).  Solving 
Eqs.  14-21  and  14-22  for  (ES)  and  substituting  this  in  the  rate  equation: 

^^'^  (14-23) 


"  (s,)  +  K,[i  +  miKa] 

or  in  terms  of  the  functions  described  earlier: 

V  =  V^ ^^— (14-24) 

'"  (S,)  +fs'K, 

Thus  one  may  say  in  this  case  that  the  experimentally  determined  sub- 
strate constant,  KJ,  is  equal  to  fJK,,  where  K,  is  the  true  substrate  con- 
stant expressing  the  association  of  the  active  form  of  the  substrate,  S, 
with  the  enzyme.  This  relationship  can  be  derived  more  directly.  The  ap- 
parent substrate  constant  is  given  by: 

K,'  =  (E)(S,)/(ES)  (14-25) 

where  (S,)  is  the  total  substrate  concentration,  i.e.,  (S)  -[-  (HS).  If  a  mu- 
tual depletion  system  is  being  dealt  with.  (ES)  must  be  included  and  a  more 
complex  quadratic  expression  results.  From  Eq.  14-3.  (S,)  =//(S),  and 
thus: 

K  '  =f'  J5115L  =  f'K,  (14-26) 
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If  only  HS  combines  with  the  enzyme,  it  is  easy  to  show  that  KJ  = 
ffys'K,.  Similarly,  if  the  substrate  is  a  dibasic  acid  and  exists  in  the  equi- 
librium, S  ^  HS  ;=i  HoS,  the  apparent  substrate  constant  is  given  by  the 
true  constant  midtiplied  by  the  appropriate  pH  function.  Thus,  if  HS  is 
the  active  form  and  combines  with  the  enzyme,  K/  —  f/J'Kg. 

By  the  active  form  of  any  component  of  the  enzyme  system,  it  is  meant 
that  this  form  participates  in  some  way  in  the  enzymic  reaction.  It  is  the 
form  that  is  bound  or  that  undergoes  reaction,  or  both.  In  the  case  of  an 
ionizing  activator,  the  active  form  is  that  which  is  bound  to  the  enzyme 
and  is  involved  in  the  catalytic  transformation  of  the  substrate.  In  some 
instances,  there  is  no  single  active  form,  the  variously  ionized  species  par- 
ticipating to   different  degrees. 

If  the  enzyme  ionizes  over  the  pH  range  studied  but  the  substrate  does 
not,  the  following  reactions  occur: 

Ao,    HE 
E  (14-27) 

A',     ES  ->  E  +  P 

when  E  is  the  active  form.  The  conservation  equation  is: 

(E,)  =  (E)  +  (HE)  +  (ES)  (14-28) 

and  the  rate  is,  as  usual,  given  by  v  =  A'2(ES).  This  leads  to: 

-  -  ^-  (S)  +  K.[f' +  ,H);g.]  <"-^'" 

or,  in  terms  of  the  pH  function: 

^  ^  ''"  (S)  Tf:K.  <"-'°' 

Thus  here,  KJ  —  fJK^,  and  when  HE  is  the  catalytically  active  form,  KJ  = 
f/^/K^.  If  both  the  substrate  and  the  enzyme  ionize  within  the  pH  range 
investigated,  the  appropriate  pH  functions  for  both  must  be  used.  If  the 
reaction  occurs  between  E  and  HS,  it  may  be  shown  that  ii  /  =  f^'f/JKg. 
Similar  relationships  in  the  literature  have  generally  been  given  in  terms 
of  the  Michaelis  constant,  JT,,,,  instead  of  the  true  dissociation  constant 
of  the  substrate,  K^.  It  might  be  thought  that  these  constants  would  be 
interchangeable  with  respect  to  the  pH  effects,  but  actually  it  is  Kg  to 
which  the  pH  functions  may  be  applied.  When  iT,,,  does  not  equal  K^ 
and  is  given  by  (^_i  +  k2)jki  (or  any  more  complex  combination  of  rate 
constants),  ^,„  depends  on  both  K^  and  k.^.  If  both  the  affinity  of  the  enzyme 
for  the  substrate  and  the  rate  of  breakdown  of  the  ES  complex  are  altered 
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by  pH  changes,  K„,  will  change  in  a  more  complex  fashion  than  indicated 
here.  However,  it  is  iii,,,  which  is  usually  determined  experimentally. 

We  may  now  turn  to  a  somewhat  more  general  system  in  which  the  en- 
zyme ionizes: 

^■2      E  +  P 

A-,         ES      aA- 

-^  ^:^H''  3/-,  (14-31) 

E  ^    HES  ->  HE  +  P 

'^  -^ 

A'„       HE     ^A's 

where  both  complexes,  ES  and  HES.  can  occur  and  break  down  into  prod- 
ucts. The  constants  a  and  /?  represent  the  effects  of  the  association  of  the 
enzyme  with  a  proton  on  K,  and  ko  respectively.  This  scheme  is  actually 
identical  with  that  previously  formulated  for  generalized  inhibition  (Eq. 
3-2),  with  K^  replacing  K^  and  a  proton  replacing  the  inhibitor.  The  re- 
lationships between  S  and  H  may  be  competitive,  noncompetitive,  mixed, 
or  coupling.  For  the  competitive  situation  {a  =  cc): 

(14-32) 

which  means  that  H  is  essentially  a  competitive  inhibitor,  since  HE  is 
incapable  of  binding  the  substrate.  A  noncompetitive  situation  {a  =  1 
and  /?  =  0)  leads  to: 

F™  (S) 


//      (S)  +  K, 


(14-33) 


in  which  case  K,  is  not  altered  but  the  maximal  rate  is.  In  the  same  manner 
as  with  K^,  one  may  designate  an  apparent  maximal  rate,  VJ,  which  in 
this  case  is  equal  to  VJf^.  Thus  the  effect  of  pH  may  be  to  change  either 
K^  of  F„;  or  both.  If  the  substrate  also  ionizes  and  only  one  form  of  the  sub- 
strate combines  with  the  enzyme,  the  appropriate  pH  functions  for  the 
substrate  should  also  be  included  as  described  above.  When  more  than  one 
form  of  the  substrate  combines  with  the  enzyme  and  the  resulting  complexes 
can  break  down  at  different  rates  to  form  the  product,  the  situation  is  con- 
siderably more  complex. 

Finally,  an  extension  to  enzymes  containing  two  ionizing  groups  will  be 
outlined  according  to  the  following  scheme: 

K'     H2E      aPA:, 

k:     he  oK^  ^  H^ES 

J^  1^         ^,  (14-34) 

K,     ES    «A';'  ^    HE  +  P 
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It  is  assumed  that  only  HES  breaks  down  to  form  the  product.  In  this  case: 
V  =  F™         ,^^^  (14-35) 

This  equation  may  be  rearranged  to  give: 

''"  <^>  (14.36) 


fhes"        (S)    +  (afhe'lfhes'lK, 

This  allows  us  to  see  that  the  apparent  substrate  constant,  Kg  =  af^J'KJ 
fhes" ,  is  that  expected  from  the  above  discussion;  it  must  be  remembered 
that  aKg  is  the  substrate  constant  for  the  product-forming  complex.  It 
is  also  observed  that  the  apparent  maximal  rate,  F,,/  =  V^Jf/^gg" ,  is  less 
than  the  true  rate  because  only  a  fraction  of  the  enzyme  combined  with 
substrate  is  in  the  HES  form.  If  ES  and  HgES  can  also  form  product,  the 
expression  for  the  rate  will  contain  terms  for  them  corresponding  to  Eq. 
14-35.  It  is  evident  that  this  system  will  exhibit  a  maximum  in  the  rate-pH 
curve  if  HES  exclusively  forms  product  (or  more  rapidly  than  do  ES  or 
HgES). 

An  excellent  presentation  of  the  effects  of  substrate  ionization  is  that 
given  by  Frieden  (1958).  Equations  are  derived  for  various  situations  and 
some  methods  for  handling  the  experimental  data  are  discussed.  An  in- 
teresting possibility  is  brought  up  l)y  Frieden  when  he  suggests  that  the 
form  of  the  substrate  that  is  not  catalytically  active  may  be  an  inhibitor; 
i.e.,  if  S  is  the  form  that  is  reacted  by  the  enzyme,  SH  may  not  only  fail 
to  react  but  may  compete  with  S  for  the  substrate  site. 

Location   of  pH   Optima 

The  pH  at  which  maximal  enzymic  activity  occurs  can  be  calculated  by 
finding  the  hydrogen  ion  concentration  necessary  to  minimize  the  pH  func- 
tions in  the  denominator  of  the  rate  equation.  For  example,  if  E~  combines 
with  HS"^  (HE  and  S  not  contributing  to  the  reaction).  A','  =  f/f/^/Kg, 
and  the  rate  will  be  highest  when  fjf/j  is  at  its  minimum  value.  Taking 
the  derivative  of  this  product  with  respect  to  (H)  and  setting  it  equal  to 
zero: 

d{f,%.')  1  K^. 


dm  K,^         (RY 


0  (14-37) 


where  K^  and  K^  are  the  ionization  constants  for  the  enzyme  and  substrate 
respectively.  Thus: 

pH,,,  =  l/2(pA„^,  +    pAJ  (14-38) 

In  such  a  simple  case,  the  optimal  pH  lies  midway  between  the  pA^'s  of  the 
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ionizing  groups.   If  the  enzyme  ionizes  in  two  steps  and  KJ  =  f^^^'K^, 
the  same  procedure  of  setting  d{f/J')ld{B.)  =  0  gives: 

pH„,,  =  l/2(pZ„'  +pZ„")  (14-39) 

where  pK^'  and  pK^"  refer  to  the  two  dissociations  of  the  enzyme. 

The  more  complete  scheme  shown  in  Eq.  14-34  may  be  treated  similarly 
and  setting  the  derivative  of  the  denominator  of  Eq.  14-35  equal  to  zero 

leads  to: 

1 


pHoBj        2 


pKa'    +  vKa        -  log 


[(S)/«iS]  +  K, 


(14-40) 


The  v^opt  ii^  ^l^is  case  will  depend  on  (S)  and  on  the  factors,  a  and  /5,  that 
express  the  effects  of  H  and  S  on  each  other's  binding.  If  a  =  /5  =  1  —  i.e,. 
there  is  no  interaction  in  the  binding  of  H  and  S  —  the  equation  reduces 
to  14-39  as  expected. 

The  pH  optimum  for  a-chymotrypsin  is  8.3  but  the  presence  of  increas- 
ing amounts  of  methanol  leads  to  a  progressive  fall  in  this  value  to  7.8 
(Stein  and  Laidler,  1959).  This  is  shown  in  Fig.  14-1  for  methanol  concen- 
trations between  0  and  20%.  It  may  be  noticed  that  the  shift  in  V^opi 
is  associated  with  a  depression  of  the  rate.  The  action  of  methanol  had  been 
previously  treated  (Barnard  and  Laidler,  1952)  as  a  dielectric  constant  ef- 
fect, but  in  the  more  recent  report  it  is  felt  that  the  dielectric  constant  de- 
crease, at  least  in  the  lower  methanol  concentrations,  is  not  sufficient  to 
produce  the  changes  observed.  Instead,  Stein  and  Laidler  postulate  that 
the  methanol  may  bind  to  the  enzyme  and  interfere  with  hydrogen  bond- 
ing at  the  active  site  and  thus  affect  the  interaction  of  the  enzyme  and 
substrate.  These  results  demonstrate  that  the  pH  optima  for  enzymes  may 
vary  with  the  conditions  of  the  experiment  and  that  the  inhibition  of  a  reac- 
tion may  shift  pH^^,. 

Dixon's  Treatment  of  the  Variation  of  Kg'  with  the  pH 

A  method  for  utilizing  the  data  obtained  from  the  variation  of  the  pH 
for  the  localization  of  the  ionizing  groups  was  developed  by  Dixon  (1953  a). 
This  will  be  discussed  briefly  at  this  point  and  applied  more  rigorously  to 
inhibition  in  a  later  section.  The  experimentally  determined  or  apparent 
substrate  constant  (not  the  Michaelis  constant)  may  be  expressed  as: 

^,        (E,)(S,)         /.(E)/,(S)        fj,   ^  ,-.,,. 

^'  =  "mr  ^  T/;xEsr  =  7:7  ^'  ^''"''^ 

where  here  the  pH  functions  designate  the  appropriate  functions  for  E,  S, 
and  ES.  From  this  one  may  write: 

pif/  =  pZ,  -  log/,  -  log/,  +  log/,,  (14-42) 


662 


14.  EFFECTS  OF  pH  ON  ENZYME  INHIBITION 


If  piiC/  is  plotted  against  pH,  the  slopes  and  inflection  points  will  indicate 
the  pK„'s  of  the  ionizing  groups  and  the  particular  form  of  the  compo- 
nent that  is  ionizing.  A  similar  treatment  applies  to  the  apparent  maximal 
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Fig.  14.1.   Shifts   in   the   pH   optimum  for  a-chymotrypsin  produced  by 
increasing  concentrations  of  methanol.  (From   Stein  and  Laidler,   1959.) 


rate  when  it  is  not  equivalent  to  the  true  maximal  rate  and  is  given  by  an 
expression  such  as: 

y.n   =  VJf,,  (14-43) 

since: 

logF„/  =logF,„  -log/,,  (14-44) 

and  a  plot  of  log  VJ  against  pH  will  jn'ovide  data  on  the  ionization  of  the 
ES  complex. 
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It  is  now  necessary  to  examine  how  the  pH  functions  determine  the 
pZ/-pH  and  F„/-pH  curves.  The  variation  of  the  reciprocals  of  the  com- 
mon functions  with  pH  is  shown  in  Fig.  14-2.  The  reciprocals  are  plotted 
because  the  concentrations  of  the  individual  ionic  species  are  given  by  ex- 
pressions of  the  type  (B)  =  (B^)//^,  so  that  the  curves  represent  the  frac- 
tions of  the  various  species  that  are  present.  However,  it  is  more  impor- 
tant to  investigate  the  behavior  of  the  logarithms  of  the  pH  functions  since 


Fig.  14-2.  Plots  of  the  reciprocals  of  the  pH  functions.  The  solid  curves  are 

for  a  dibasic  acid  with  TpK^'  =  6  and  p-K'a"  =  7.  The  dashed  curves  are  for  a 

monobasic  acid  with  piCg  —  7. 


it  is  these  that  appear  in  Eqs.  14-42  and  14-44.  Following  Dixon  (Dixon  and 
Webb,  1958,  p.  127),  we  shall  use  the  expression  p/  =  —  log  /  and  thus 
Eq.   14-42  may  be  re\vritten  as: 


P^,'    =   pZ,    +  p/e    +  Vfs    -  Vfe 


(14-45) 


Inasmuch  as  piii,  is  assumed  to  be  constant,  the  changes  in  p-K"/  with  pH 
will  be  determined  by  the  dependency  of  the  p/ terms  on  pH.  Figures  14-3 
and  14-4  show  this  dependency  for  the  systems  plotted  in  Fig.  14-2.  In  the 
case  of  a  dibasic  ionization,  the  form  of  the  curves  will  depend  on  the 
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separation  between  the  two  dissociation  constants.  In  Fig.  14-4  the  i>K^'s 
are  only  one  unit  apart  and  the  transitions  are  not  clearly  evident,  the 
curves  being  smooth  and  scarcely  distinguishable  from  those  of  a  monobasic 
ionization  (Fig.  14-3).  The  farther  the  pK^^s  are  apart,  the  easier  it  will 
be  to  locate  the  inflection  points  and  determine  the  values  of  the  constants. 
In  Fig.  14-5  the  difference  between  p-K",/  and  piiC^"  is  four  units  and  here 
the  inflections  in  the  curves  are  evident. 


+1 


-2 


■3- 


pf 


-4 


B  +  HS^HB 


Fig.  14-3.  Logarithmic  plots  of  the  pH  functions  for  a  monobasic  acid  with  pK^  =  7 
(as  in  the  dashed  curves  in  Fig.  14-2).  The  intersections  of  the  hnear  portions  of  the 

curves  occurs  at  the  TpK^. 


Let  us  assume  the  simple  case  where  p^^'  =  pK,  +  p/j".  AVhen  p^/  is 
plotted  against  pH,  a  curve  of  the  type  shown  for  p/j"  will  be  obtained, 
but  shifted  on  the  vertical  axis  by  the  constant  amount,  p-fiT ,.  If  we  examine 
the  variation  of  p/j"  =  -  log  {1  -j-  [(H)/^,"]  +  [{Jl)^IK,'KJ']}  with  pH,  the 
following  may  be  noted:  (1)  at  low  pH's,  the  term  {Hy-IKJK^"  will  domi- 
nate and  the  logarithm  of  this  is  given  by  p/j"  =  ]iKJ  +  V^a"  —  2  pH; 
(2)  at  intermediate  values  of  the  pH,  the  (H)IKg"  will  dominate  and  vfb"  — 
pKJ' — pH;  and  (3)  at  high  pH,  the  second  and  third  terms  will  be  insignif- 
icant and  p/j"  =  0.  Thus,  as  one  goes  from  low  to  high  pH's,  the  slope  of  the 
curve  will  initially  be  2,  then  1,  and  finally  0;  the  transitions  between  these 
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slopes  will  provide  the  values  of  pZ^'  and  pZ^",  these  being  given  by  the 
intersections  of  the  linear  slope  lines.  If  pJ^/  =  piC,,  +  vfhb' ^  tlie  slope  will 
change  from  1  through  0  to  —  1  as  the  pH  rises,  and  for  pE^/  =  piiC^.  + 
p//j  ft"  the  slope  changes  from  0  through  —  1  to  —  2.  However,  it  must 
be  remembered  that  in  Eq.  14-45,  pf,,  is  opposite  in  sign  to  p/,  and  p/, 
so  that  the  curves  relating  to  the  former  will  be  inverted  with  respect  to 
the  latter  and  the  inflections  will  be  concave  upwards. 
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FiG.   14-4.  Logarithmic  plots  of  the  pH  functions  for  a  dibasic  acid  with  ^K^ 
and  P-K^o"  —  7   (as  in  the  soHd  curves  in  Fig.  14-2). 


The  rules  for  interpreting  such  curves  as  formulated  by  Dixon  may  now 
be   summarized. 

I.  A  curve  obtained  by  plotting  pE"/  against  pH  will  consist  of  linear 
sections  (if  the  pjS^/s  are  sufficiently  separated)  and  the  slopes  of  these 
sections  will  have  integral  values  of  0.  1.  2,  3.  ....  either  positive  or  negative. 

II.  The  slope  of  any  linear  section  is  numerically  equal  to  the  change 
of  charge  upon  dissociation  of  the  ES  complex  in  that  pH  region. 

III.  Each  inflection  of  the  curve  indicates  the  p/i ,  of  an  ionizing  group 
on  a  component  of  the  enzyme  system;  continuations  of  the  linear  sections 
intersect  at  a  pH  value  corresponding  to  this  p^^. 


666 


14.  EFFECTS  OF  pH  ON  ENZYME  INHIBITION 


IV.  An  inflection  that  is  concave  downwards  indicates  an  ionization  of 
the  enzyme  or  the  substrate;  an  inflection  that  is  concave  upwards  indicates 
an  ionization  of  the  ES  complex. 

From  the  curves  alone  it  is  not  possible  to  determine  if  a  particular  down- 
ward inflection  relates  to  the  ionization  of  the  enzyme  or  the  substrate; 
however,  the  ionization  constants  of  the  substrate  are  generally  known  so 
that  experimentally  determined  p/^,/s  that  do  not  correspond  to  these  may 
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Fig.    14-5.    Logarithmic    plots    of   tlie    pH   functions   for   a  dibasic   acid  with 

TpKa'  =  4  and  pA'„"  =  8.  The  intersections  of  the  Hnear  portions  of  the  curves 

at  the  pX(j  values  are  shown. 


be  attributed  to  the  enzyme.  It  is  often  the  case  tliat  there  are  limitations 
to  the  pH  range  that  may  be  studied  and  in  such  cases  only  parts  of  the 
total  pii^/-pH  curves  may  be  obtained.  Unless  a  pH  range  of  at  least  4 
to  10  can  be  investigated,  it  is  not  safe  to  conclude  that  all  the  ionizing 
groups  have  been  detected.  Extensions  and  criticisms  of  Dixon's  procedure 
have  been  made  by  Reiner  (1959,  p.  230)  and  Laidler  (1955,  c,d,  1958, 
p.  140). 
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VARIATION  OF  ENZYME  INHIBITION  WITH  pH 

The  mechanisms  responsible  for  the  alterations  in  enzyme  inhibition 
when  the  pH  is  changed  are  generally  similar  to  those  outlined  with  re- 
spect to  enzyme  activity  (page  653).  The  fundamental  effects  are  almost  all 
mediated  through  the  modification  in  the  binding  of  the  inhibitor  to  the 
enzyme  (or  to  any  other  components  of  the  system  to  which  it  may  be 
bound)  and  these  effects  arise  from  changes  in  the  ionizations  of  groups  on 
any  of  the  interacting  molecules.  In  one  respect,  the  interpretation  of  the 
results  with  inhibitors  is  more  straightforward  than  in  studies  of  enzyme 
activity:  the  experimentally  determined  or  apparent  inhibition  constant 
{K,')  is  either  the  true  dissociation  constant  (Ki)  for  the  EI  complex  or 
is  related  to  it  in  a  simple  manner  by  the  proper  pH  functions.  It  is  also 
true  that  certain  factors  that  alter  the  enzyme  activity  when  the  pH  is 
changed  will  not  necessarily  alter  the  degree  of  inhibition  if  the  activity  is 
changed  equally  in  the  absence  and  presence  of  the  inhibitor.  A  typical 
curve  for  the  variation  of  inhibition  with  pH  may  be  obtained  from  the 
data  of  Stockell  and  Smith  (1957)  for  the  inhibition  of  papain  by  carbo- 
benzoxy-L-glutamate  (Fig.  14-6).  The  decrease  in  the  inhibition  with  rising 
pH  was  attributed  to  the  ionization  of  the  y-carboxyl  group,  since  its 
pK^  is  about  4.4. 

Expressions  for  the  pH  Dependence  of  Enzyme  Inhibition 

Inasmuch  as  a  complete  and  rigorous  treatment  of  enzyme  activity  as 
modified  by  pH  is  too  elaborate  to  be  practical,  it  is  obvious  that  such  a 
treatment  of  inhibition,  which  is  yet  more  complex,  would  be  futile.  Fur- 
thermore, it  is  likely  that  most  real  inhibitions  fall  into  rather  restricted 
categories  and  that  a  general  treatment  would  seldom  be  applicable.  Thus 
we  shall  consider  various  simple  systems,  from  which  principles  that  may 
be  applied  to  more  complex  inhibitions  will  emerge.  In  any  inhibited  en- 
zyme system,  there  will  be  at  least  three  substances  that  may  ionize  —  the 
enzyme  (active  center),  the  substrate,  and  the  inhibitor.  In  addition,  the 
ionization  of  the  various  complexes  with  the  enzyme  must  be  taken  into 
account  when  they  occur. 

Case  I:  only  the  inhibitor  ionizes.  When  the  only  component  of  the  system 
ionizing  within  the  pH  range  studied  is  the  inhibitor,  and  if  mutual  deple- 
tion of  the  enzyme  and  inhibitor  does  not  occur,  the  treatment  is  very  sim- 
ple. In  every  case,  the  experimentally  determined  or  apparent  inhibitor 
constant,  K,',  must  be  replaced  with  f^K^,  where  /,  is  the  appropriate  pH 
function  for  the  form  of  the  inhibitor  that  is  involved  and  K,  is  the  true 
inhibitor  constant.  Thus  for  the  competitive  inhibition  where  only  HI 
binds  to  the  enzyme: 
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K,       ES  ^    E   +  P 


E 


K,     EHI 


(14-46) 


I  -f  H  =±  HI 


Fig.    14-6.    Effect  of  the   pH    on   the   inhibition   of 

papain  by  carbobenzoxy-L-ghitamate  (20  miH).  (From 

Stockell  and  Smith,  1957.) 


the  fractional  inhibition  is  given  by: 


(I.) 

(I.)  +  LiK, 

(14-47) 


which  is  identical  to  the  usual  expression  for  competitive  inhibition  (Eq. 
3-13)  except  for  the  replacement  of  the  apparent  inhibitor  constant  with 
f/n'K'.  If  the  inhibitor  is  di-  or  tribasic,  the  proper/"  of/'"  functions  may 
be  used. 
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If  both  ionization  forms  of  the  inhibitor  can  bind  to  the  enzyme: 

K,     ES  ->  E  +  P 


MKi       E       K 


EI 


^         ^ 


EHI 


(14-48) 


I  +  H  —  HI 

the  difference  in  the  dissociation  constants  being  exi^ressed  by  //,  the  inhi- 
bition is  given  by: 

{It) 


HJi    +  Jhi 


1  + 


{^ 


(14-49) 


If  /^  =  00  and  EI  is  not  formed,  the  equation  reduces  to  14-47;  if  //  =  1 
and  both  I  and  HI  combine  with  the  enzyme  equally,  K-  =  [f/fhi'lifi  + 
//j/)]  K,  =  K^,  and  the  apparent  and  true  inhibition  constants  are  identical. 

Case  II:  only  the  substrate  ionizes.  When  the  substrate  concentration  is  a 
factor  in  the  inhibition  (as  in  competitive  inhibition)  and  (S)  occurs  in  the 
expression  for  the  inhibition,  the  ionization  of  the  substrate  may  be  taken 
into  account  by  multiplying  the  true  substrate  constant  by  the  appropriate 
pH  function  for  that  form  of  the  substrate  that  is  active.  Thus  if  the  sub- 
strate is  dibasic  and  only  HS  reacts  with  the  enzyme: 


(I) 


(I)  +  K, 


1  + 


(S, 


As    I^s 


(14-50) 


Case  III.  both  the  inhibitor  and  substrate  ionize.  In  this  case  both  the 
substrate  and  inhibitor  constants  are  simply  multiplied  by  the  proper  pH 
functions.  Indeed,  one  may  write  for  all  the  ordinary  types  of  inhibition 
general  equations  derivable  from  Eq.  3-11.  from  which  all  special  cases 
may  be  obtained.  Thus,  in  general: 


K, 


C^fsKs 


ih)  +LK, 


/?(!,)  +  af,K, 


(14-51) 


Case  IV:  only  the  enzyme  (active  center)  ionizes.  Up  to  this  point  the  re- 
sults have  been  simple  and  expected.  However,  the  ionization  of  the  enzyme 
introduces  some  complications  which  have  previously  not  been  realized; 
in  fact  most  of  the  interpretations  for  ionizing  groups  on  the  enzyme  from 
work  with  inhibitors  are  incorrect.  Let  us  consider  a  typical  enzyme  reac- 
tion in  which  the  enzyme  is  active  in  only  one  ionization  state,  either  as 
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E  or  HE.  The  inhibitor  can  then  combine  competitively  or  noncompeti- 
tively  with  either  active  form  of  the  enzyme,  E  or  HE,  or  with  the  non- 
active  form  of  the  enzyme.  There  are  thus  six  possible  situations  for  this 
simplest  of  systems. 

(a)  HE  is  active  form  of  enzyme:  I  combines  with  HE  competitively. 

K,     HES  ^  HE  +  P 


E  =±  HE 


(14-52) 


Ki     HEI 


In  each  case,  the  inhibited  rate  and  the  fractional  inhibition  will  be  given; 
the  implications  will  be  discussed  when  the  six  situations  have  been  pre- 
sented. It  must  be  remembered  that  the  uninhibited  rate  is  now  given  bv: 


F„(S) 


(S)    +  fhe'Ks 

The  inhibited  rate  may  be  written  as: 

F„(S) 


(14-53) 


(S)  +  K, 
and  the  fractional  inhibition  as: 


fne 


(I) 


(14-54) 


(I)  +  K, 


the 


(14-55) 


(b)  E  is  active  form  of  enzyme:  I  combines  with  E  competitively. 

A,  ^  E8  -^  E  +  P 


A'„ 

HE  =±  E 


'^ 


(I)  +  K, 


fe       + 


(14-56) 


(14-57) 


(14-58) 
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(c)  HE  is  active  form  of  enzyme:  I  combines  with  HE  noncompetitively. 

HE  +P 


K,  HES     A'. 

Ka  ^  ^ 

E  —  HE  HESI 

>^  ^ 

A'i  HEI      A-, 


(14-59) 


It  should  be  noted  that  completely  noncompetitive  inhibition  is  assmned; 
i.e.,  there  is  no  effect  of  S  on  the  binding  of  I  or  of  I  on  the  binding  of  S. 


(14-60) 


F™(S) 

(S) 

h?l 

+  K, 

Jhe      "T    -   jj- 

(I) 


(I)  +  K, 


1  + 


K„ 


K, 


(14-61) 


(H)     (S)  +  K, 

(d)  E  is  active  form  of  enzyme:  I  combines  with  E  noncompetitively. 

E  +  P 

K,         ES        A- 
A'.  ^  ^' 

HE  ^  E  ESI 

A.         EI        A-. 


(14-62) 


Vi   = -p 


F,„(S) 


(I)  +  K, 


1  + 


(H)         K, 


(14-63) 


(14-64) 


Ka     (S)  +  K, 

(e)  HE  is  active  form  of  enzyme:  I  combines  with  E. 


A,       A-„  A-, 

EI  ^  E  ;^  HE  ^  HES  ^  HE  +  P 


Vi 


VJS) 


(14-65) 
(14-66) 

(14-67) 


(I)  +K 
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(f)  E  is  active  form  of  enzyme:  I  combines  with  HE. 

E  +P 


HEI  ;:±  HE  ;=±  E  —  ES 


Vi 


VmiS) 


(S)  +  K, 


fe       + 


(I) 


(H)(1) 


KaKi 


(I)  +  K, 


fne      + 


^a(S) 


K.m 


(14-68) 


(14-69) 


(14-70) 


It  may  first  be  noted  that  in  each  case  when  the  pH  is  in  the  range 
where  the  enzyme  is  predominantly  in  the  form  combining  with  the  inhi- 
bitor, the  inhibition  becomes  classically  competitive  or  noncompetitive. 
In  the  first  fom-  cases,  this  is  the  pH  range  where  the  enzyme  is  in  the  ac- 
tive catalytic  form;  in  the  latter  two  cases  it  is  when  the  enzyme  is  in  the 
inactive  form.  Secondly,  it  is  seen  that  when  the  inhibitor  combines  with 
the  enzyme  noncompetitively  (last  four  cases),  the  inhibition  depends  on 
(S),  contrary  to  what  is  generally  thought  to  be  true  for  noncompetitive 
inhibition.  Now,  in  these  cases,  the  inhibition  depends  on  (S)  only  in  a 
certain  range  of  pH:  in  (c)  and  (f)  when  the  pH  is  significantly  higher  than 
the  pZ,  and  in  {d)  and  (e)  when  the  pH  is  significantly  lower  than  the  \)K^. 
As  the  pH  is  changed  from  one  side  of  the  y>K„  to  the  other,  the  character 
of  the  inhibition  will  thus  alter.  Thirdly,  it  may  be  observed  that  it  might 
have  been  predicted  that  K-  =  fJK^  or  K-  =  f^/K,,  depending  on  the 
form  of  the  enzyme  with  which  the  inhibitor  reacts,  but  this  is  only  true 
when  the  substrate  concentration  is  significantly  lower  than  K^.  The  im- 
portance of  this  will  be  discussed  when  the  Dixon  treatment  of  inhibition 
is  presented. 

This  behavior  must  now  be  explained  on  a  physical  basis.  In  the  first 
place,  why  does  the  inhibition  in  such  cases  depend  on  the  pH  at  all?  One 
might  suppose  that  since  both  v  and  v^  are  modified  by  pH  due  to  shifts 
in  the  equilibrium,  E  ^  HE,  that  the  inhil)ition  would  remain  constant. 
Let  us  examine  the  situation  depicted  in  (a)  above.  From  Eq.  14-55,  it 
is  seen  that  when  the  pH  is  sufficiently  below  the  pX,,,  so  that  the  term 
in  brackets  in  the  denominator  becomes  essentially  1  -f  [(S)/iiL,],  the  in- 
hibition is  independent  of  pH  change;  in  a  higher  pH  range,  the  hydrogen 
ion  may  become  a  more  important  factor  than  the  sul)strate.  Now,  when 
the  pH  is  low,  most  of  the  enzyme  is  in  the  HE  form  and  the  addition  of 
an  inhibitor  will  reduce  (HE)  in  a  simple  mass-action  manner;  however, 
at  higher  pH's,  when  the  enzyme  is  ])redominantly  in  the  E  form,  the  ad- 
dition of  inhibitor  will  reduce  (HE)  with  the  result  that  E  ->  HE.  The  con- 
centration of  HE  is  in  a  way  buffered  by  the  reserve  of  E.  As  long  as  there 
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is  a  supply  of  E,  the  inhibition  will  not  be  as  great  as  would  be  expected 
from  typical  competitive  inhibition  or  as  great  as  it  is  at  a  lower  pH. 
The  other  question  that  might  reasonably  be  asked  is:  why  does  the  sub- 
strate concentration  affect  the  noncompetitive  inhibitions  in  (c)-(f)?  The 
answer  lies  again  in  the  coupled  equilibria.  As  (S)  increases,  it  tends  to 
deplete  the  inactive  form  of  the  enzyme  and  it  is  this  that  modifies  the 
response  to  the  inhibitor,  by  a  mechanism  similar  to  that  described  above. 
It  will  be  worthwhile  to  illustrate  some  of  the  asjoects  of  these  systems 
by  plotting  the  variation  of  the  inhibition  with  pH  or  (S).  All  six  types 
of  inhibition  are  compared  in  Fig.  l-t-T  for  constant  (I)  and  (S)  and  the 


Fig.  14-7.  Variation  of  the  inhibition  with  the  pH  for  the  six  possible 
situations  in  which  only  the  enzyme  active  center  ionizes  (case  IV).  The 
letters  on  the  curves  correspond  to  those  in  the  text.  A',  =  1  mil/,  K^  =  10 


marked  pH  dependence  may  be  seen  in  the  region  extending  about  2  pH 
units  on  either  side  of  the  i>K^  for  the  enzyme.  Figure  14-8  shows  the  pH 
effects  on  the  inhibition  at  different  substrate  concentrations  for  system 
(a),  i.e.,  competitive  inhibition  with  HE,  the  active  from  of  the  enzyme. 
Here  it  may  be  observed  that  the  pH  region  over  which  the  inhibition  is 
independent  of  pH  varies  with  (S).  This  means  that  the  greater  the  enzyme 
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fraction  in  tlie  HES  form,  the  less  able  is  a  rise  in  idH  by  dissociating  HE 
to  form  the  inactive  E  with  which  the  inhibitor  does  not  cond^ine.  Finally, 
it  is  interesting  to  see  how  the  noncompetitive  inhibitions  (c)-(f)  vary  with 
(S)  and  this  is  shown  in  Fig.  14-9  for  type  (c).  Type  (d)  would  have  the  pH 
values  on  the  curves  reversed;  type  (e)  would  differ  from  this  in  that  the 
inhibition  would  decrease  with  rising  (S);  and  type  (f)  would  be  like  type 
(e)  except  that  the  pH  values  would  be  as  in  the  figure.  The  figure  shows 
very  well  how  a  rise  in  (S)  actually  increases  the  inhibition  when  there  is 
noncompetitive  inhibition  on  the  active  form  of  the  enzyme. 
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Fig.   14-8.  Variation   of  the  inhibition   witli   the   pH   at   different 

concentrations  of  substrate  for  case  IVa  (Eq.  14:-55).  K^  =  1  mM, 

K,  =  10  mM,  K^  =  10-^  and  (I)  =  3  miH. 


Some  problems  are  presented  by  these  systems  in  the  determination  of 
the  inhiljitor  constant  by  the  usual  graphical  methods  and  these  will  be 
considered  after  several  more   inhibition   systems  have  been   i^resented. 

A  question  may  be  raised  as  to  wdiy  in  the  above  formulations  no  consid- 
eration was  taken  of  the  ionization  of  the  complexes  HES  or  HEI.  It  was 
assumed  that  S  or  I  combined  only  wnth  HE  in  these  cases  and  not  with  E. 
Thus  the  dissociation  of  a  xH'oton  from  the  HES  or  HEI  complexes  would 
produce  ES  or  EI,  which  cannot  exist,  since  if  EI  can  arise  by  dissociation 


VARIATION  OF  ENZYME  INHIBITION  WITH  pH 


675 


of  HEI  it  can  also  be  formed  from  E  and  I.  Of  course,  when  I  can  com- 
bine with  both  E  and  HE,  a  scheme  such  as: 


■^ 


HE 


El 


^ 


HES  ->  HE  +  P 


HEI 


(14-71] 


must  be  set  up.  If  I  combines  with  both  forms  equally,  there  is  no  effect 
of  the  pH  on  the  inhibition;  if  the  affinities  of  E  and  HE  for  I  differ,  the  sys- 
tem will  behave  in  an  intermediate  fashion  between  a  pH-independent 
system  and  the  systems  discussed  above.  If  the  inhibitor  is  a  charged  ion, 
a  marked  difference  in  binding  to  E  and  HE  will  be  the  most  likelv. 
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Fig.  14-9.  Variation  of  the  inhibition  with  the  substrate  concentration  at  diiJerent 
pH's  for  case  IVc  (Eq.  14-61 ).  K^  =  1  mJ/,  A%  =  10  mM,  K^  =  10-^  and  (I)  =  3  ml/. 


Some  further  discussion  must  be  given  to  terminology  in  systems  such 
as  14-71.  This  reaction  scheme  is  equivalent  to: 


E 


A-^  HE    ,,- 
^EI 


HEI 


(14-72) 


which  is  usually  described  by  stating  tliat  the  inhibitor  can  combine  with 
both  ionization  forms  of  the  enzvme.   It  is  also  equivalent  to: 

,^ 

(14-73) 


HE 


E 


^ 


HEI 


EI      "Ao 
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which  is  usually  described  in  terms  of  the  ionization  of  the  enzyme-inhi- 
bitor complex.  In  all  cases,  the  concentration  of  HE,  and  hence  of  HES, 
is  the  same,  however  the  situation  is  described. 

Case  V:  the  enzyme  and  the  inhibitor  andjor  the  substrate  ionize.  These 
more  complex  situations  actually  do  not  present  any  problems.  If  the  in- 
hibitor ionizes,  the  apparent  K"s  in  the  equations  for  the  six  types  of  inhi- 
bition must  be  replaced  with  Ki  multiplied  by  the  appropriate  pH  functions. 
Likewise,  the  ionization  of  the  substrate  requires  only  the  application  of  its 
functions  to  K,.  It  may  only  be  noted  that  when  both  the  enzyme  and  the 
inhibitor  ionize,  the  possibility  arises  that  there  will  be  a  maximum  in  the 
^-13H  curve,  such  as  has  been  discussed  for  uninhibited  enzymes  in  the 
v-I)H  curves.  The  pHg^;  for  the  inhibition  will  not  necessarily  lie  midway 
between  the  P-K^^'s  of  the  enzyme  and  inhibitor. 

Case  VI:  the  enzyme  exhibits  a  dibasic  ionization.  This  also  presents  no 
trouble  since  only  the  dibasic  pH  functions,  /",  for  tlie  enzyme  have  to  be 
substituted  in  the  equations  of  the  type  derived  under  case  IV.  For  example, 
in  an  extension  of  scheme  14-52: 

HES  ^  HE  +  P 

E  ;i±    HE   ;^  R,E  (14-74) 

HEI 

to  include  HoE,  where  the  inhibitor  combines  only  with  HE,  the  catalytically 
active  form  of  the  enzyme,  the  inhibition  is  given  by: 

^^^  (14-75) 


(I)  +  A^ 


>„    ,iS)^ 

J  he       T^       jr 

A., 


which  is  comparable  to  Eq.  14-55.  The  a^jparent  inhibitor  constant  is  giv- 
en by: 


K,'  =  K, 


fhe'Ks    +    (S) 


K,  +  (S) 


(14-76) 


When  the  pH  lies  between  piiT,/  and  Y>K^"  (assuming  they  are  sufficiently 
far  apart),  K/  =  K^  since  here  /;,/'  ^  1,  but  on  either  side  of  this  range, 
the  ajDparent  inhibitor  constant  will  be  dependent  on  pH. 

These  expressions  differ  from  those  given  by  Alberty  (1954),  although 
the  formulations  of  the  reactions  would  appear  on  the  surface  to  be  the 
same.  Actually,  the  systems  are  quite  different.  Alberty  assumed  that 
the  HEI  complex  could  lose  or  gain  protons,  whicli  means  that  EI  and 
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HoEI  can  exist,  which  in  turn  implies  that  the  reactions  E  +  I  ;;:±  EI 
and  H2E  -f  I  ^  HgEI  can  occur.  The  dissociation  constant  for  EI  would 
then,  in  his  system,  be  given  by  Kj{K^"JK^/')  and  for  HgEI  a  related 
expression  would  hold.  In  a  system  such  as  assumed  by  Alberty,  the  ap- 
parent inhibitor  constant  would  be: 

K/  =  Ki  -^p-j^  (14-77) 

Jhei 

where  K^  refers  to  the  equilibrium  constant  for  the  reaction  HE  +  I  ^  HEI. 
It  is  quite  possible  to  assume  generalized  systems  wherein  all  the  pos- 
sible reactions  between  the  components  occur.  For  example,  when  the 
enzyme  is  monobasic  and  only  HES  forms  the  product,  it  may  be  useful 
to  set  up  some  such  system  as  the  following  if  one  is  interested  in  deter- 
mining the  effects  of  one  component  on  the  interaction  of  another  with 
the  enzyme: 

HE  +  P 


(14-78) 


where  the  equilibrium  constants  are  related  through  factors  expressing  the 
degree  of  interaction  between  the  bound  components.  In  fact,  this  system 
is  identical  to  Ec^.  3-57  with  the  activator  replaced  by  the  hydrogen  ion, 
and  similar  equations  would  be  applicable.  Even  this  system,  omitting  any 
ionization  of  the  inhibitor  or  substrate,  presents  difficulties  in  the  interpre- 
tation of  experimental  data.  A  comiDlete  system  in  which  the  enzyme, 
substrate,  and  inhibitor  all  are  dibasic,  and  all  combinations  with  the 
enzyme  are  possible,  would  comprise  forty-two  forms  of  the  enzyme  and 
its  complexes.  Such  a  system  would  be  the  inhibition  by  malonate  of  suc- 
cinic dehydrogenase.  However,  only  a  relatively  few  complexes  are  actually 
possible  in  most  cases;  in  the  inhibition  of  succinic  dehydrogenase,  it  is 
likely  that  the  only  significant  complexes  occur  between  HaE^^  and  S^ 
and  I".  For  these  reasons  the  generalized  formulations  are,  at  least  at 
present,  impractical. 

The  Determination  of  Ky 

One  of  the  primary  purposes  of  inhibition  studies  is  the  determination 
of  the  true  dissociation  constant  of  the  EI  complex.  It  is  by  means  of  the 
values  of  K^  that  different  inhibitors  may  be  compared  or  the  energies  of 
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interaction  of  the  inhibitors  with  the  enzyme  calculated;  it  is  by  the  re- 
lationship between  K^  and  the  apparent  inhibitor  constant,  K/,  that  the 
pE'^'s  of  the  ionizing  groups  on  the  enzyme  may  be  determined  with 
Dixon's  treatment.  The  exi3erimental  K/  found  by  the  usual  graphical 
methods  will  generally  not  be  the  true  K^  if  ionization  of  any  of  the 
involved  components  occurs.  It  is  therefore  particularly  important  to  look 
critically  into  the  methods  for  the  determination  of  both  K/  and  K^. 

In  the  simplest  situation,  K^'  differs  from  Kj  because  only  a  fraction  of 
the  total  inhibitor  j^resent  is  active.  These  fractions  are  expressed  in  terms 
of  the  pH  functions  presented  earlier  in  this  chapter.  If,  for  example,  the 
inhibitor  exists  in  the  forms  I  and  HI,  and  only  I  binds  to  the  enzyme, 
the  true  inhibitor  constant  will  be  given  by: 

Ki  =  K/lf/  (14-79) 

Thus,  from  the  p/C„  of  the  inhibitor  and  the  pH  at  which  the  experiment  is 
run,  it  is  possible  to  determine  K,  after  K/  has  been  found.  However,  when 
the  enzyme  also  ionizes  over  the  pH  range  investigated,  the  calculation 
of  K^  may  be  more  complex. 

The  first  matter  that  must  be  examined  is  the  applicability  of  the  plot- 
ting methods  described  in  Chapter  5  to  situations  in  which  ionizing  groups 
are  involved  in  the  inhiljition.  For  this  purpose  we  may  consider  some  of 
the  cases  presented  in  the  preceding  section. 

Cases  I,  II,  and  HI:  only  iJie  sabstrate  or  the  i»Jdbitor  or  both  ionize.  The 
apparent  inhibitor  constant  determined  by  every  method  of  graphical  anal- 
ysis will  be  K j  multiplied  by  the  appropriate  pH  function  or  functions,  as 
indicated  in  the  expressions  for  the  inhilntion  (Eqs.  14-47,  14-49,  14-50, 
14-51)  for  each  situation.  The  only  complication  arises  in  scheme  14-48 
where  both  forms  of  the  inliibitor  combine  with  the  enzyme  but  with 
different  affinities,  since  here: 


K,  = 


1 


fh>'  f'f,' 


K/  (14-80) 


If  this  tyi^e  of  inhibition  is  recognized,  the  value  of//  may  be  estimated  from 
data  obtained  at  different  pH's,  and  hence  /iT,  may  be  calculated. 

Ca.se  IV:  only  the  enzyme  ionizes.  Six  different  situations  were  discussed 
for  an  enzyme  with  a  monobasic  ionizing  group  at  the  active  center.  Six 
methods  of  graphical  analysis  for  the  determination  of  the  constants  were 
presented  in  Chapter  5.  It  is  important  to  know  in  each  case  how  the  de- 
termined constant  relates  to  K^.  We  shall  consider  here  only  three  methods 
of  plotting:  Ijv^  against  1/(S)  (type  A),  l/v,  against  (I)  (type  D),  and  (I) 
(1  —  i)li  against  (S)  (type  F).  The  results  obtained  by  the  other  methods 
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of  plotting  may  be  readily  obtained  in  a  similar  way.  We  shall  write  the 
appropriate  equations  for  each  of  the  six  types  of  inhibition. 


(a)  Competitive  inhibition  on  the  active  form.  HE  (scheme  14-52) 


llv, 

-  1/(S): 

Vi 

IK- 

-(I): 

1            1 
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K. 


VJS) 


Ki    ^  (H) 


1+^(1 +A/) 
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Ksil) 


(1)(1  -  i)li  -  (S): 


(I)(l  -  t) 


fke'Ki    + 


VraKA^) 


K, 


(14-81) 
(14-82) 
(14-83) 


Comparing  these  equations  with  those  obtained  for  the  nonionizing  case 
(see  Eqs.  5-1,  5-5,  and  5-7),  it  is  seen  that  a  type  A  plot  will  have  the  same 
intercept  on  the  l/i',  axis  but  the  slope  will  be  greater  due  to  the  term  K^j 
(H).  If  K^  is  calculated  from  the  slope  (s),  the  following  expressions  are  ob- 
tained: 


Nonionizing: 


Ionizing: 


K, 


Ki 


K.{1) 


^  '  m  Jhe  -"-a 


(14-84) 


(14-85) 


The  calculation  of  K^  will  thus  be  in  error  at  pH's  near  or  above  the  piiC^ 
if  the  ionization  is  not  considered.  A  plot  of  type  D,  on  the  other  hand,  gives 
a  different  intercept  but  the  same  slope  as  the  nonionizing  case.  The  calcu- 
lation of  K^  from  the  slope  will  not  be  in  error  since  the  slope  doesn't  de- 
pend on  the  pH.  A  type  F  plot  will  give  an  intercept  of  f/^/K^  and  a  slope 
of  KJK,  so  that  a  calculation  of  K,  from  the  intercept,  which  is  usual, 
must  take  the  ionization  into  account. 

(6)  Competitive  inhibition  on  the  active  fortn  E  {scheme  14-56) 
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(lUl 

-  i)li  - 

-(S): 

(I)(l   -i)     _, 

'Ki  + 

KiiS) 

(14-88) 

J  e 
■I 

K, 

What  has  been  said  above  api^lies  equally  here  and  the  only  difference  is 
the  replacement  of  f/^/  by  //. 
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(c)  Noncompetitive  inhibition  on  the  active  form.  HE  {scheme  14-59) 
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In  a  plot  of  type  A,  as  in  (a)  above,  the  slope  depends  on  the  pH  whereas 
the  intercept  does  not.  If  Kj  is  determined  from  rhe  intercept,  rather  than 
from  the  slope,  no  pH  correction  need  be  made.  The  slope  of  a  plot  of  type 
D,  however,  is  the  same  as  for  the  nonionizing  case,  and  depends  on  (S) 
and  not  pH.  The  higher  (S),  the  greater  the  deviation  from  the  competitive 
slope,  but  no  problem  is  involved  in  the  calculation  of  K^.  The  type  F 
plot  will  be  quite  diiferent  in  configuration,  compared  to  the  nonionizing 
case,  because  (S)  here  occurs  in  the  denominator,  but  the  interce]~)t  gives 
the  true  K^  and  does  not  depend  on  the  pH. 


(d)  Noncompetitive  inhibition  on  the  active  form  E  {scheme  14-62) 


IM  -  1/(S): 


1/t'.-  -  (I): 


1 

f: 


1 


1  -h 


K, 


a) 


+  -. 


/i, 


F„.(S) 


/;  + 


1+-^(1+//) 


{I) 
F,„A\. 


1  + 


(S) 


(I)(l  -  i)ii       (S):      ^^^^^  ■      '^    =  /i,  + 


K.KM) 


(14-92) 


(14-93) 


(14-94) 


The  equations  here  are  the  same  as  in  (c)  except  for  the  reverse  dependence 
on  pH  and  the  calculation  of  K^  presents  the  same  ]5roblems. 


(e)  Noncompetitive  inhibition  on  the  inactive  form  E  {scheme  14-65) 


IM  -  1/(S): 

1 

1 

IM  -  (I): 

1 

1 

F™ 

(I)(l  -  i)li  - 

-(S): 

(I)(l 

-i) 

+  ^ 


fne'   + 


Ka{l) 


1  +A/ 


=  fe'Ki 


(S) 


+ 


A^(H) 


F„,A,(S)(H) 


A,(H)(S) 

KaK, 


(14-95) 
(14-96) 
(14-97) 
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If  K^  is  calculated  from  the  slope  of  a  type  A  plot,  it  will  now  be  given  by: 


Ki  = 


(H)      sV^  -  fne'K, 


(14-98) 


which  may  be  compared  with  14-84  and  14-85.  The  slope  of  a  type  D  plot 
is  also  altered  by  the  factor  K,J(E.).  The  type  F  plot  gives  fJK,  as  the  in- 
tercept and  the  slope  again  depends  on  the  pH. 

(/)  Noncompetitive  inhibition  on  the  inactive  form  HE  {scheme  14-68) 


1/.,  -  1/(S):  — 


IM  -  (I): 


(I)(l  -  i)li  -  (S): 


1 


F, 


K. 


F„,(S) 


1     +fe' 


'f:  +  ™-^ 


(S) 


+  -. 


A%(H)(I) 


(I)(l   -  i) 


=  fne'Ki    + 


A%(H) 


(14-99) 


(14-100) 


(14-101) 


These  equations  are  similar  again  to  those  in  the  i)revioiis  section  {e)  with 
the  pH  dependence  changed. 

These  examples  well  show  that  the  calculation  of  K^  for  inhibitions  on 
ionizing  enzymes  will  sometimes  be  straightforward  (i.e.,  as  in  the  non- 
ionizing cases),  but  in  others  it  will  be  more  complex  and  will  involve  terms 
in  (H)  or  (S).  If  we  define  the  apparent  inhibitor  constant,  K-  ,  as  that  which 
would  be  derived  in  the  graphical  methods  based  on  the  assumption  that 
no  ionization  occurs,  the  relationship  between  K,'  and  K^  will  vary  with 
the  type  of  inhibition  and  the  method  of  plotting.  In  the  literature  it  has 
been  generally  assumed  that  K-  =  f/K^  or  K/  =  f/./K,  when  the  enzyme 
ionizes  monobasically,  but  this  is  not  necessarily  true,  or  will  be  true  only 
over  a  certain  range  of  pH  or  (S). 

Case  V:  enzyme  ami  inhibitor  andjor  substrate  ionize.  It  can  be  easily 
seen,  by  inspection  of  the  equations  given  above  for  the  different  iDlots, 
that  in  every  case  in  which  the  inhibitor  ionizes,  one  needs  only  to  mul- 
tiply Ki  by  the  proper  pH  function  for  the  inhibitor.  Thus,  if  one  wishes 
to  calculate  K^  for  a  competitive  inhibition  on  the  active  form  HE  from 
the  intercept  of  a  type  F  plot,  and  only  the  I  form  of  the  inhibitor  is  effective, 
K,  =  K/lffy/fi'.  If  the  substrate  ionizes  and  its  concentration  enters  into 
the  expression  for  K/,  then  the  pH  functions  for  the  substrate  must  also 
be  included.  For  example,  the  slope  of  a  type  D  plot  of  competitive  inhibition 
is  KJV,,,K,{S),  but  if  only  one  ionization  form  of  the  substrate  is  active, 
its  concentration  is  not  (S)  but  (S)//,,  so  that  K/  =  f,K,,  or,  if  the  inhibitor 
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also  ionizes,  K^  =  fjfi^.  In  most  methods  of  plotting,  however,  the  pH 
functions  for  the  substrate  need  not  be  considered. 

These  illustrations  emphasize  that  the  calculation  of  K^  is  not  as  simple 
as  has  often  been  assumed  when  the  active  center  possesses  one  or  more 
ionizing  groups,  and  that  the  apj^arent  inhibitor  constant  is  not  always  di- 
rectly related  to  the  true  constant  through  simple  pH  functions. 

Ionization   of   Enzynne-lnhibitor  Complexes 

It  has  been  assumed  in  most  of  the  inhibitions  previously  discussed  that 
only  one  form  of  the  enzyme  binds  the  inhibitor  and  therefore  that  only  one 
enzyme-inhibitor  complex  occurs.  The  ionization  of  this  complex  in  such 
cases  does  not  enter  into  the  formulations.  Before  applying  the  Dixon 
treatment  to  inhibition  it  will  be  necessary  to  determine  under  what  con- 
ditions ionization  of  the  enzyme-inhibitor  complex  is  imi)ortant  and  how 
it  may  modify  the  expressions  for  rates  and  inhibitions  in  the  preceding 
sections.  When  two  substances  form  a  complex,  ionizing  groups  on  either 
substance  may  be  modified  and  this  will  be  expressed  as  a  shift  in  the 
Ip/iC^'s  of  these  groups.  Most  of  these  effects  arise  from  changes  in  the  elec- 
tric field  surrounding  the  ionizing  group  as  a  result  of  the  binding  of  the 
other  substance.  Thus  the  binding  of  an  ionic  inhibitor  to  the  active  cen- 
ter will  superimpose  the  electric  field  of  the  inhibitor  onto  that  of  the  en- 
zyme; any  ionizing  groups  at  the  active  center  or  in  the  vicinity  will  be 
modified  as  a  consequence.  Thus  the  piiT^/s  of  the  enzyme-inhibitor  com- 
plexes are  often  different  from  the  pK^'s  of  the  free  enzyme  or  the  inhi- 
bitor. If  the  inhibitor  is  uncharged,  the  effect  upon  the  pJ?^^  of  an  enzyme 
group  may  be  very  small,  but  if  the  inhibitor  is  an  ion,  the  enzyme  p^^ 
may  be  shifted  as  much  as  one  pH  unit  or  more. 

The  two  types  of  competitive  inhibition  on  a  monobasic  enzyme  will  be 
treated  to  illustrate  how  the  ionization  of  the  enzyme-inhibitor  complex 
may  be  incorporated  into  the  inhibition  equations.  If  HE  is  the  catalyt- 
ically  active  form  of  the  enzyme: 

A,       HES  ->  HE  -K  P 

K„        HE-     aA- 

-^  kN;'  (14-102) 

E  HEX 

A',         EI      «A„ 

where  a  indicates  the  change  in  K^,  when  the  inhibitor  is  bound  to  the  en- 
zyme. The  inhibition  is  now  given  by: 

(14-103) 


(I) 

(I)  +  f ; 

Jhei 

k/  +  <'>  1 
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This  is  identical  with  Eq.  14-55  except  for  the  new  function  /'/,(.„  since 
uK^  is  equivalent  to  the  K^  in  the  former  equation.  If  «  =  1  and  the  binding 
of  the  inhibitor  has  no  effect  on  the  enzyme  \}K^: 


(I) 


(I)  +  K, 


1  + 


(S)  1 


(14-104) 


The  inhibition  is  always  somewhat  greater  when  HEI  can  dissociate  to 
form  EI  because  this  will  reduce  further  the  concentration  of  the  active 
complex,  HES.  If  E  is  the  catalytically  active  form  of  the  enzyme: 

A'       HE 


P  +  E 


the  inhibition  is  given  by: 


ES 


E 


a  A.', 


'^ 


HEI 


EI 


(I) 

(I)  +  f ', 

J  ei 

\f+  <^*1 

(14-105) 


(14-106) 


so  that  again  the  true  inhibitor  constant  is  divided  by  the  pH  function  for 
the  enzyme-inhibitor  complex.  It  should  be  noted  that  the  inhibitor  con- 
stant that  is  applicable  is  that  expressing  the  binding  of  the  inhibitor  to 
the  active  form  of  the  enzyme.  When  «  =  1.  a  similar  equation  to  14-104 
is  obtained  with  //  replacing  fj.  In  both  of  the  cases  given,  when  «  =  1 
the  ionization  of  HEI  is  not  apparent  in  the  inhibition  equations  as  a  pH 
function  for  this  complex,  but  nevertheless  it  increases  the  inhibition  or 
reduces  the  apparent  inhibitor  constant.  If  the  enzyme  is  dibasic,  the 
proper  /"  functions  can  be  used. 

Application  of  Dixon's  Treatment  to  the  Variation  of  K,'  with  pH 

Dixon  (1953  a)  implies  that  the  binding  of  the  inhibitor  may  be  treated 
analogously  to  the  binding  of  the  substrate  and.  therefore,  that  one  can 
write  for  the  general  case: 


K,= 


(E,)(I, 


/e(E)/,(I)  /J, 


K, 


(EI,)  /e,(EI)  A, 

in  conformity  with  Eq.  14-41.  Likewise,  we  may  write: 

pZ/  =  vK-i  -  log/e  -  log  fi  +  \og  fei 
or 

pZ,'  =  pZ,  +  p/e  +  p/i  -  pAi 


(14-107) 

(14-108) 
(14-109) 
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SO  that  a  plot  of  ])K/  against  pH  would  provide  curves,  the  slopes  and 
inflections  of  which  would  lead  to  information  on  the  ionizing  groups. 

However,  it  has  been  made  clear  that  the  experimentally  determined 
K^'  is  not  always  related  to  K,  in  this  simple  way.  Since  the  p.K'./s  of  sub- 
strates and  inhibitors  are  generally  known,  or  can  be  determined  more 
readily  by  other  means,  the  Dixon  method  is  usually  designed  to  provide 
information  on  the  ionizing  groups  at  the  active  site,  either  when  the  en- 
zyme in  free  on  when  it  is  complexed  with  substrate  or  inhibitor.  It  is 
particularly  in  these  cases  in  which  the  enzyme  ionizes,  that  K/  is  often 
not  completely  given  by  equations  of  the  type  14-107.  One  difficulty  is 
that  K/  can  mean  different  things  depending  on  what  graphical  method 
is  used  for  its  determination.  To  take  a  simple  example,  if  one  determined 
Ki  from  the  intercept  of  a  type  F  plot  (where  (I)  (1  —  i)li  is  plotted  against 
(S)),  for  cases  of  noncompetitive  inhiliition  on  the  active  form  of  the  enzyme, 
one  would  obtain  the  true  K^  (Eqs.  14-91  and  14-94);  if  this  were  plotted 
against  pH  the  slope  would  be  zero  and  there  would  be  no  inflections,  so  that 
a  lack  of  ionizing  groups  on  the  enzyme  might  be  deduced.  If  the  inhibition 
were  on  the  inactive  form  of  the  enzyme,  ///i ,  or  //,/ii ,  would  be  obtained, 
and  a  plot  of  piiT /  against  pH  would  jjrovide  information  on  the  ionization 
constant  of  the  enzyme.  One  must  conclude  that  the  equations  for  K/ 
and  i)K/  given  above  are  not  generally  correct.  The  expressions  for  K/ 
in  terms  of  A',  are  given  in  Table  14-1  for  most  of  the  inhibitions  discussed 
in  this  chapter;  the  relationship  is  seldom  as  simple  as  in  Eq.  14-107. 

The  types  of  curves  obtained  by  plotting  pA/  against  pH  and  the  inter- 
pretation of  such  curves  must  now  be  examined.  Only  certain  types  of 
inhibition  will  be  discussed  to  illustrate  the  problems  involved.  Actually, 
the  situation  is  not  quite  as  bad  as  it  would  appear  from  inspection  of 
Table  14-1  since  even  the  more  complicated  expressions  for  K/  generally 
plot  out  in  a  simple  manner.  The  real  difficulty  lies  in  the  interpretation  of 
the  inflections.  Most  of  the  possible  expressions  for  K/ ,  as  found  in  Table 
14-1,  are  plotted  as  pAj'-pH  curves  in  Fig.  14-10.  The  fundamental  mean- 
ings attached  to  the  slopes  and  inflections  are  just  as  valid  as  in  Dixon's 
rules,  e.g.,  each  inflection  indicates  the  pA^  of  some  group,  but  there  are 
three  complications  unforeseen  in  the  earlier  work. 

In  the  first  place,  some  curves  do  not  show  any  inflection  despite  the 
operation  of  an  ionizing  group.  This  would  be  true  for  those  expressions 
for  K,'  in  Table  14-1  that  do  not  involve  any  pH  or  pH  functions  (and  which 
are  not  jjlotted  because  they  are  simply  straight  horizontal  lines)  but  it 
is  also  true  for  inhibition  on  the  inactive  form  of  the  enzyme  when  K/ 
is  determined  from  plots  of  type  A  or  D  (numbers  9,  13,  and  14). 

In  the  second  jilace,  the  directions  of  the  inflections  do  not  correlate 
with  the  location  of  the  ionizing  group,  as  specified  in  Dixon's  rules  for 
pA/-pH  plots.   An   inflection  that  is  concave   upwards   in  the   pA/-pH 
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curves  indicates  an  ionizing  group  on  the  enzyme-substrate  complex.  In 
the  piiL/-pH  plots  this  is  not  necessarily  so:  ionization  of  the  enzyme- 
inhibitor  complex  does  give  an  inflection  that  is  concave  upwards  (num- 
bers 3,  4,  15,  and  16)  but  other  situations  (numbers  5,  6,  7,  8,  10,  11,  and 
12)  also  give  rise  to  such  inflections.  Therefore,  an  inflection  that  is  concave 


P^ 


P'K-  or  fpK- 


PH-^ 


2 

PKa 

1 
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PH-^ 
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hs        hei 
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:^K: 


PH- 

-^ 
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\ 

P^3 

PKfl. 
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. 

f'  . 

~x 

fs       ' 

\ 

pK'i 

^ 

PH-^ 


PH-^ 


pK; 


Pt^i 


8  pKa-         ^ 


PH- 


PH-^ 


Fig.  14-10.  The  pZ/— pH  plots  for  the  K/  vahies  shown  in  Table  14-1  to  illustrate 

the  interpretation  of  the  inflections  when  K/  is  determined  from  three  different 

types  of  plotting   procedures. 
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upwards  cannot,  in  inhibition  analysis,  be  immediately  attributed  to  an 
ionization  of  some  enzyme-inhibitor  complex. 

In  the  third  place,  in  some  types  of  inhibition,  inflections  may  be  attrib- 


10 

PK«      >^ 

p<l 

pfi  +  f'h 

K, 

N 
\ 
\ 

M>l 

pH 

Fig.  14-10  {co7itirmed). 


utable  to  ionization  of  the  substrate  (number  3  to  8)  as  well  as  to  other 
components  of  the  system.  Therefore,  even  though  the  data  are  derived 
from  inhibition  studies  and  ]-)K/  is  plotted,  all  the  inflections  observed 
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are  not  necessarily  related  to  ionizations  of  the  enzyme,  inhibitor,  or  the 
complex  between  them. 

It  is  usually  difficult,  if  not  impossible,  to  determine  the  type  of  inhi- 
bition or  to  locate  the  ionizing  groups  from  the  pir/-pH  curves  alone,  since 
the  curves  for  quite  different  systems  may  look  alike.  It  is  necessary  to 
elucidate  the  nature  of  the  pH  dependence  of  the  uninhibited  reaction  and 


pH 

— » 

20 

1 

f'K,  *"' 

/ 

pK' 

PKq 

PKIi 

pH ► 


pH ^ 

Fig.    14-10  (continued) 


the  basic  mechanism  of  the  inhibition  before  these  curves  can  be  inter- 
preted and  the  ionizing  groups  specified.  This  is  not  to  minimize  the  im- 
portance of  the  Dixon  treatment,  which  is  a  very  valuable  technique  when 
it  is  applied  properly,  but  only  to  point  out  some  of  the  complications  in- 
herent in  its  use  in  inhibition  studies. 

Some  illustrations  of  how  the  curves  in  Fig.  14-10  are  derived  from  the 
expressions  for  K/  in  Table  14-1  may  be  given.  The  simple  case  in  which 
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Table  14-1 
Expressions  fob  K/  in  Terms  of  Kf  for  Various  Types  of  Inhibition  " 


Inhibition 


Case  I:  only  inhibitor 
ionizes 

(a)  One  form  of  inhi- 
bitor active  (14-46) 

(b)  Both  forms  of  inhi- 
bitor active  (14-48) 

Case  II:  only  substrate 
ionizes  —  one  form  is 
active 

Case  HI:  both  inhibitor 
and  substrate  ionize  — 
one  form  of  each  active 

Case  IV:  only  enzyme 
ionizes 

(a)  Competitive  on  ac- 
tive form  HE  (14-52) 

(b)  Competitive  on  ac- 
tive form  E  (14-56) 

(c)  Noncompetitive  on 
active  form  HE  (14-59) 

(d)  Noncompetitive  on 
active  form  E  (14-62) 

(e)  Inhibition  on  inac- 
tive form  E  (14-56) 


(/)  Inhibition  on  inac- 
tive form  HE  (14-68) 


Case  V:  Enzyme  and  in- 
hibitor ionize 


Values  of  /i/  obtained  from  plot  of 


Type  A 

[l/«,  -  1/(S)] 


/'JiJhi         j^ 
A  ,■ 

Utfi'+  fhi 

(I) 


Type  D     1  Type  F 

[IM  -  (I)]   [(I)(l  -  i)li  -  (S)] 


MJi  J  hi  rr 

A, 


A',       \KJf, 


f^iD  +  ifs-  i)A,- 

/,d)  ,.    '  fi 


fsil)    +    ifs    -    1)/,A',  /, 


Ki 


(1) 


(I)  +  ifne'  - 

1)A, 

A, 

(I) 

rr 

(1)  +  (/;  - 

DA', 

(I) 

Tf 

(I)   +   ifhe'   - 

1)A, 

(I) 

X 

(I)  +   (/.'   - 

1)A, 

(I) 

A, 


A, 


A^ 

(H) 


A, 


(I)  +  (Ae'-l)A, 


(I) 


(H) 
A„ 


A, 


Ks 

(S)  +  A3 

A, 

(S)  +  A3 

m.^ 

A, 


A„ 


(I)   +  (fe'   -    1)A, 


"(H) 


f/K, 

f'fi  J  hi  j^ 

f'fi'+  fhi 

A, 


fhe  Aj- 
fe'Ki 


A,        A, 


A, 
//A, 

fhe'K-i 


Same  as  case  IV  but  /,Aj  instead  of  A, 
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Vahies  of  -K"/  obtained  from  plot  of 

Inhibition 

Type  A 

TjTe  D 

Type  F 

[l/i;,  -  1(S)] 

[iM  -  (I)] 

[(I)(l  -  i)/i  - 

(S)] 

Case  VI:  enzyme  ionizes 

dibasically  —  competi- 
tive inhibition   on  ac- 

A', 

fne"K, 

tive  form  HE  (14-74) 

Case    VII:   only  enzyme 

ionizes    —    inhibitor 

binds    to    both    forms 

(a)  Active  form  is  HE 
(14-102) 

^^^                           K 
Uefa)  +  ifne'   -    D^i        ' 

K.ihei 

he'     ^^ 
fhei 

{b)   Active   form   is    E 
(14-105) 

^^^                   K 

K.lfe/ 

Jei 

"  The  types  of  inhibition  are  classified  as  earlier  in  the  chapter  and  the  reaction 
schemes  are  indicated  where  possible.  Evaluation  of  K/  is  as  follows:  type  A  plot, 
from  slope;  type  D  plot,  from  slope;  type  F  plot,  from  intercept.  It  is  assumed  that 
K/  is   evaluated   as  if  no   ionization   occurred. 

only  the  inhibitor  ionizes  and  the  I  form  is  active  (Case  I  a)  provides  the 
expected  value  for  K/: 

(H) 


Taking  the  logarithm  of  both  sides: 
pZ,'  =  pKi  -  log 


A' 


Ki 


1  + 


(H) 


(14-110) 


(U-iii; 


When  the  pH  is  in  a  range  significantly  lower  than  the  vK,,.  the  term  (H)  i^^ 
will  be  much  greater  than  one  and  thus: 


Low  pH:     pA'/  =  pA,  +  pH  —  pA^ 


(14-112) 


When  the  pH  is  significantly  higher  than  the  pA^^,  the  term  (H)/A^  is 
negligible  compared  to  one  and  thus: 

High  pH:     pA/  =  pA,  (14-113) 

Therefore,  in  the  low  pH  range  the  curve  will  have  a  slope  of  +  1  but  will 
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inflect  at  a  pH  equivalent  to  pA',,  at  high  pH  the  slope  being  zero  (num- 
ber 1  in  Fig.  14-10). 

When  both  forms  of  the  inliibitor  can  combine  with  the  enzyme  (Case 
I  b),  the  experimentally  determined  K/  is  given  by: 


K/  = 


/ifi'fhi' 


tK, 


(14-114) 


/*//  +  fhi 
Taking  the  logarithm  of  both  sides  and  writing  out  the  pH  functions 


^K,'  =  \:>Ki  -  log  [.i  -  log 


log 


/t  +  1  + 


h^] 

-  log 

[        (H)J 

/'(H)                 Ka] 
Ka                  (H) 

(14-115) 


Expressions  for  pA/  at  low  and  high  pH  values  may  be  derived  to  give: 

Low  pH:      pK/  =  p/i,  -  log  //  +  pH  -  pA'^  -f-  log  /<  -  pH  +  pA^ 

pA/  =  pA,  (14-116) 


High  pH:     pA/  =  pA,  -  log  //  +  pA„  -  pH  -  pA„  +  pH 
pA,'  =  pA,  -  log  fi 


(14-117) 


In  the  low  pH  range  the  slope  will  be  0  but  as  the  pH  is  increased  there 
will  be  either  a  decrease  or  increase  to  a  new  level  of  slope  0;  if  //  is  greater 
than  unity,  the  level  will  drop,  and  if  //  is  less  than  unity,  it  will  rise.  If 
the  system  is  known  to  follow  this  mechanism,  the  value  of  //  may  be 
calculated  from  the  difference  in  pA/  at  low  and  high  pH's.  The  curves  are 
shown  in  number   10  of  Fig.    14-10. 

Finally,  the  case  in  which  the  enzyme  ionizes  and  the  inhibition  is  com- 
petitive on  the  active  enzyme  form  HE  (Case  IV  a)  may  be  examined.  By 
the  same  procedures  as  above: 


A/  = 


(I) 


A, 


(I)  +  (A/  -  1)A, 
pA,'  =  pA,  -  log  (I)  +  log 

Low  pH:  pA/  =  pA, 

High  pH:         pA/  =  -  log  (I)  -  pA„  +  pH 


'^'^  +  w  ^^ 


(14-118) 

(14-119) 

(14-120) 
(14-121) 


Thus  at  low  ranges  of  pH  the  slope  will  be  0  but  an  inflection  will  occur 
at  pH  =  pA^  so  that  the  curve  in  the  high  pH  range  will  have  a  slope  of  1 
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(number  11  in  Fig.  14-10).  Actually  the  inflection  will  occur  at  a  pH  = 
pK^  only  if  (I)  is  close  to  K,;  if  (I)  =  lOK^,  the  inflection  will  be  shifted 
one  pH  unit  higher  and  if  (I)  is  much  less  than  K^,  the  inflection  will  be 
shifted  to  lower  pH's. 

Each  method  of  graphical  analysis  to  determine  K,'  has  certain  advan- 
tages but  for  the  present  purpose,  the  determination  of  a  K/  that  is  simply 
related  to  the  true  constant,  K^,  by  the  usual  pH  functions,  it  would  ap- 
pear that  the  single  curve  method  of  type  F,  where  (I)  (1  —  O/i  is  plotted 
against  (S),  is  generally  the  most  reliable. 

Variation   of   Fumarase   Inhibition   with    pH 

There  are  very  few  reported  data  on  enzyme  inhibition  to  which  the  Dix- 
on treatment  can  be  applied.  However,  Massey  (1953  b)  conducted  an 
excellent  study  of  the  competitive  inhibition  of  fumarase  by  various  or- 
ganic ions,  the  results,  of  which  are  summarized  in  Fig.  14-11.  It  is  believed 
that  the  inhibition  is  chiefly  brought  about  by  the  binding  of  these  organic 
anions  electrostatically  to  two  properly  spaced  cationic  groups  at  the  active 
center.  This  is  indicated  by  the  variations  with  pH  and  also  by  the  lack  of 
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Fig.  14-11.  The  pK/ — pH  curves  for  the  inhibition  of  fumarase  by 
various  organic  anions.  (From  Massey,  1953  6.) 
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inhibition  when  the  carboxyl  groups  on  the  inhibitors  are  esterified  or 
replaced  by  nonpolar  groups,  combined  with  the  retention  of  the  inhibi- 
tion if  the  carboxyl  group  is  replaced  by  a  sulfonic  acid  group.  Inasmuch 
as  the  range  of  pH  covered  was  from  5.7  to  9,  the  inflections  that  would 
indicate  the  ionizations  of  the  inhibitor  carboxyl  groups  are  not  seen. 
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a-Hydroxy-^-sulfo 
propionate 

The  curves  for  maleate,  D-tartrate,  mesaconate,  and  succinate  seem  to 
be  of  a  configuration  indicating  either  the  active  form  of  the  enzyme  to 
be  HgE  or  the  active  form  of  the  inhibitor  to  be  Hoi.  Since  it  is  unlikely 
that  the  inhibitors  would  be  active  in  the  uncharged  form,  this  would 
point  to  two  grouj)s  on  the  enzyme  that  must  be  protonated  in  order  to 
combine  with  these  anions,  one  with  a  itK^  of  6.5  or  below,  the  other  near 
7.5-8.0.  Results  with  other  inhibitors  and  with  the  substrates,  fumarate 
and  L-malate,  also  point  to  enzyme  groups  with  p^^'s  of  similar  magnitude. 
The  p^,^  of  approximately  6.5  might  correspond  to  an  imidazole  group 
in  histidine  at  the  active  center  while  the  pK^  near  8  could  represent  an 
a-amino  group  (or  possibly  a  phenolic  group  in  tyrosine);  these  two  groups 
would  serve  to  bind  the  substrates  and  inhibitors  to  the  enzyme,  and  in 
the  former  case  to  participate  in  the  transfer  of  hydrogen  atoms.  Sulfhy- 
dryl  groups  are  excluded  because  of  the  insensitivity  of  the  enzyme  to 
reagents  reacting  with  these  groups  (iodoacetate,  iodoacetamide,  iodoso- 
benzoate,   p-chloromercuribenzoate,   and  chloroacetophenone). 

It  is  interesting  that  the  ^raws-aconitate  curve  shows  no  inflections  at 
all  over  the  pH  range  studied.  Since  there  is  good  evidence  that  there  are 
ionizing  groups  on  the  enzyme,  it  is  remarkable  that  no  alteration  of  the 
curve  is  observed  at  pH's  corresponding  to  the  pKJs  of  these  groups,  and 
the  behavior  must  be  considered,  for  the  time  being,  as  anomalous.  The  in- 
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flections  that  are  concave  upwards  near  pH  8  in  the  curves  for  citrate  and 
L-hydroxy-/5-sulfopropionate  are  also  difficult  to  explain  in  conjunction 
with  the  results  on  the  other  inhibitors.  It  is  possible,  but  unexpected,  that 
the  mechanism  of  inhibition  differs  within  this  series  of  inhibitors.  It  is 
also  disturbing  that  the  slopes  of  the  curves  are  around  0.7  to  0.8  instead 
of  the  theoretical  1.0.  This  could  be  attributed  in  part  to  the  increase  in 
over-all  negativity  of  the  enzyme  protein  as  the  pH  is  increased  or  possibly 
to  a  surface-buffering  effect,  the  pH  on  or  within  the  enzyme  not  changing 
linearly  with  the  pH  of  the  bulk  phase.  Some  further  explanations  for  these 
discrepancies  and  an  extension  of  the  Dixon  treatment  will  be  discussed 
following  the  next  section. 

Comparisons  of  the  Relative  Potencies  of  Different  Inhibitors 

In  relating  chemical  structure  to  inhibitory  activity,  especially  in  a 
series  of  inhibitors  acting  by  the  same  mechanism,  the  most  informative 
method  is  to  determine  and  compare  the  inhibitor  constants.  Now,  for  this 
purpose,  one  would  be  interested  only  in  the  true  constants,  K^,  since  they 
provide  information  on  the  affinities  of  the  enzyme  for  the  various  active 
forms  of  the  inhibitors.  However,  it  is  clear  that  by  the  usual  methods  one 
determines  in  most  cases  an  apparent  inhibitor  constant,  K- ,  which  may 
be  related  to  Ki  in  a  complex  manner  involving  the  pH  and  possibly  the 
concentrations  of  other  components  of  the  system.  The  use  of  p^/s  to 
compare  inhibitors  may  be  very  erroneous. 

It  is  possible  that  determinations  of  inhibitions  at  a  single  pH  may  give 
apparent  inhibitor  constants  that  are  related  only  to  the  p-ffa's  of  ionizing 
groups,  rather  than  to  relative  affinities.  As  an  example,  let  us  consider 
three  monobasic  inhibitors  whose  anions  are  bound  equally  tightly  to  the 
enzyme  with  a  true  ^K^  of  3.  If  the  inhibitions  on  some  enzyme  are  deter- 
mined at  a  pH  of  7,  the  apparent  constants  will  be  given  by: 

Inhibitor  1  (p;^^  =  6):  pi?/  =  p^,  -  log  1.1  =  2.96 
Inhibitor  2  (pA^„  =  7):  piiC/  =  pZ,  -  log  2  =  2.70 
Inhibitor  3  (pZ,  =  8):      piiC/  =  pZ,  -  log  11    =  1.96 

If  these  p^/'s  were  used  to  compare  binding  affinities  for  the  inhibitors, 
the  conclusions  would  be  completely  incorrect,  and  if  interaction  energies 
were  calculated  from  these  piiC/'s  and  compared  with  the  structures  of 
the  inhibitors,  any  deductions  would  be  invalid. 

Massey  (1953  b)  pointed  out  in  his  study  on  fumarase  inhibition  that  a 
consideration  of  pH  in  such  comparisons  can  be  very  important  and  his 
results  well  illustrate  these  principles.  Table  14-2  presents  the  values  of 
\}K-  for  the  different  inhibitors  at  four  jjH's  and  it  is  evident  that  if  rela- 
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Table  14-2 
Values  of  the  Experimentally  Determined  pK/  for  Inhibitors  of  Fumarase 

AT  Different  pH's  " 


Inhibitors 

VK/ 

pH  =  5.7 

pH  -  6.35 

pH  =  7.0 

pH  =  8.0 

Trans- Aconit&te 

3.6 

3.2 

2.7 

1.9 

Citrate 

2.7 

2.5 

2.0 

1.0 

D-Malate 

2.3 

2.2 

1.9 

2.0 

D -Tartrate 

2.0 

1.6 

1.1 

0.5 

Mesaconate 

2.0 

1.6 

1.1 

0 

a-Hydroxy-^-sulfopropionate 
Maleate 

2.0 
1.9 

2.0 
1.9 

1.7 
1.4 

1.3 

0.5 

Succinate 

1.8 

1.3                  0.8 

0 

Glycine 

0 

0 

0.6 

1.2 

°  Values  estimated     from  the  curves  given  by  Massey  (1953  b). 

tive  potencies  were  estimated  from  these  i:)K/'s,  these  would  vary  markedly 
with  the  pH  chosen,  even  for  the  inhibitors  which  presumably  inhibit  in 
the  same  manner.  It  is  generally  true  that  the  highest  value  of  the  p/ii  /  ob- 
served is  the  safest  to  use  for  comparative  purposes  since  the  effect  of  pH 
change  is  always  to  reduce  the  apparent  pK/  relative  to  p.K'j.  The  results 
on  fumarase,  however,  are  not  available  for  pH's  lower  than  5.7  and  hence 
the  maximal  pK/'s  cannot  be  determined  for  all  the  inhibitors. 


Variation  of  the  True  Inhibitor  Constant  with  pH 

The  treatment  up  to  this  point  has  usually  been  based  on  the  assumption 
that  certain  ionization  states  of  the  enzyme  or  the  inhibitor  are  active  and 
that  the  true  inhibitor  constant,  K,,  exi)resses  the  affinity  between  these 
active  forms.  The  apparent  inhibitor  constant,  K,',  has  differed  from  jK^j 
because  the  concentrations  of  these  active  forms  vary  with  the  pH.  In  the 
reaction,  HE+  +  I~  ^  HEI,  it  has  been  assumed  that  the  Kj  for  this  com- 
plex is  independent  of  the  pH  and  that  changes  in  the  inhibition  brought 
about  by  varying  the  pH  are  caused  by  changes  in  (I^)  or  (HE+).  The  Dix- 
on treatment  is  also  based  primarily  on  this  assumption.  Actually,  it  is 
quite  probable  that  the  affinity  of  the  enzyme  for  the  inhibitor  can  also  alter 
with  pH  and  that  K^  itself  will  not  remain  constant.  Enzymes  presumably 
possess  ionizing  groups  surrounding  the  active  center.  These  groups  would 
not  particix^ate  directly  in  the  binding  of  the  substrate  or  the  inhibitor, 
nor  would  they  necessarily  play  any  role  in  the  catalysis,  but  alterations  of 
the  charge  on  these  groups  might  well  significantly  affect  the  binding  of 
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the  substrate  or  the  inhibitor  to  the  active  center,  especially  if  the  binding 
involves  ionic  interactions.  One  may  divide  such  electrostatic  effects  into 
those  originating  from  vicinal  groups  near  the  active  center  and  to  those 
resulting  from  changes  in  the  total  over-ail  charge  of  the  enzyme  protein. 
The  value  of  K^  is  determined  by  the  energy  of  interaction  of  the  inhi- 
bitor with  the  enzyme.  The  effect  of  a  vicinal  group  on  K^  would  then  be 
calculated  from  the  additional  interaction  energy  term  derived  from  the 
electric  field  of  this  group  and  the  position  of  the  inhibitor  in  this  field. 
A  simple  system  is  diagramed  in  Fig.  14-12.  where  a  positively-charged 
inhibitor  is  repelled  by  a  positively-charged  vicinal  group  at  a  distance 
d  from  the  bound  inhibitor.  The  affinity  of  the  enzyme  for  the  inhibitor 
will  be  less  and  the  p/i^,  lower  than  when  the  vicinal  group  is  not  protonated. 


Fig.  14-12.  Schematic  illustration  of  the 
effect  of  a  vicinal  ionizing  group  on  inhi- 
bitor binding  at  the  active  center  (cross- 
hatched  area).  The  positively  charged 
inhibitor  is  repelled  by  the  positively 
charged    vicinal   group. 

If  we  start  with  the  pH  above  the  piiC^  of  the  vicinal  group,  this  group  will 
not  be  charged  and  the  interaction  of  the  enzyme  with  the  inhibitor  will  be 
restricted  to  the  active  center:  when  the  pH  is  lowered,  the  vicinal  group 
will  eventually  become  protonated  so  that  in  the  region  of  pH  around  the 
Y>K,^  there  will  be  a  change  in  K^.  If  pA"/  is  plotted  against  pH,  there  will 
be  a  jog  in  the  curve,  but  not  an  inflection  to  a  new  slope.  Some  types  of 
expected  effects  are  shown  in  Fig.  14-13.  When  the  pA'/  increases  due  to 
this  mechanism,  the  charges  on  the  inhibitor  and  the  vicinal  group  are 
opposite  (curve  A)  and  when  it  decreases,  they  are  of  the  same  sign  (curve 
B).  A  similar  jog  may  occur  in  those  sections  of  the  curves  with  slope  —  1, 
+  1,  etc.  (curve  C).  The  degree  of  interaction  with  the  vicinal  group  is 
equated  with  the  vertical  deviation,  J/jA,. 

For  the  state  in  which  the  vicinal  group  is  uncharged  and  does  not  con- 
tribute to  the  interaction,  the  binding  free  energy  can  be  written  as  zJ-Fj  = 
—  2.3RT  pA,  ,  and  for  the  state  in  which  the  vicinal  group  is  protonated, 
zli^.3  =  —  2.2,RT  pA,^.  The  change  in  pA,  is  then  given  by: 
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The  effect  of  the  vicinal  group  can  be  estimated  by  the  procedure  discussed 
in  Chapter  6.  The  interaction  energy  between  two  ionic  groups  is  given  by 
Eq.  6-109  and  the  changes  in  p/{^,  due  to  such  interaction  are  plotted  in 
Fig.  14-14.  The  following  points  should  be  noted  about  these  calculations: 
(1)  the  repulsion  correction  factor,  r  =  0.92,  for  ion-ion  interactions  was 
not  used  because  the  groups  are  not  in  contact  at  their  equilibrium  dis- 
tance, (2)  the  dispersion  energy  was  omitted  since  it  does  not  change  with 
the  protonation  of  the  vicinal  group,  (3)  the  ion-dipole  interaction  at  dis- 


pK. 


Fig.  14-13.  Different  types  of  effects  of 
an  ionizing  vicinal  group  on  the  inhi- 
bitor constant.  Curve  A:  charges  on  in- 
hibitor and  vicinal  group  are  opposite. 
Curve  B:  charges  on  inhibitor  and  vici- 
nal group  are  the  same.  Curve  C:  charges 
on  inhibitor  and  vicinal  group  are  oppo- 
site and  pX/ — pH  curve  has  slope  of —  1 . 


tances  above  5  A  can  be  neglected  (Table  6-18),  and  (4)  hydration  of  the 
ionic  grouj^s  has  been  assumed.  Of  course  such  calculations  are  only  ap- 
proximate, due  primarily  to  the  ambient  water  molecules  and  the  uncer- 
tainty of  the  value  of  the  dielectric  constant,  but  some  confidence  in  their 
general  validity  is  found  in  the  experimental  data  on  the  effects  of  charged 
groups  on  acidic  dissociations. 

The  problem  of  the  effects  of  charged  groups  on  ionization  was  first 
treated  theoretically  by  Bjerrum  (1923)  but  this  simple  approach  did 
not  correlate  very  well  with  the  experimental  results.  The  treatment 
was   refined   by   Kirkwood  and   Westheimer  (1938)  and  Westheimer  and 
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Shookhoff  (1939)  and  the  development  has  been  summarized  in  Edsall 
and  Wyman's  recent  book  (1958,  Chapt.  11).  The  interactions  of  car- 
boxyl  groups  in  dicarboxylic  acids  of  varying  chain  length  and  the 
interactions  between  carboxyl  and  amino  groups  in  amino  acids  lead  to 
shifts  in  the  p^^'s  of  comparable  magnitudes  to  those  given  in  Fig.  14-14. 
Thus  in  the  series  from  malonic  to  azelaic  acids,  where  the  inter-carboxyl 
distance  varies  roughly  from  5  to  12  A,  the  J])KJs  vary  from  2.26  to  0.26 
(Westheimer  and  Shookhoff.  1939).  The  microscopic  ionization  constants 


Fig.  14-14.  Expected  changes  in  pi^,-  due  to  a  charged  vicinal  group  at  the  distance 
d  from  the  active  center.  Interaction  energy  between  groups  calculated  from  eq.  6-109 

with  r„  =  10.2  A. 


of  glutamic  acid  (Edsall  and  Wyman,  1958.  p.  496).  cysteine  (Edsall  and 
Wyman,  1958,  p.  503),  and  tyrosine  derivatives  (Martin  et  al.,  1958)  also 
indicate  that  pii,^  shifts  of  0.4  to  2.1  arise  from  charged  groups  distant  5 
to  10  A.  Although  there  is  undoubtedly  some  difference  between  the  dis- 
sociation of  an  inhibitor  from  the  active  center  and  the  dissociation  of  a 
proton  from  a  single  group,  one  might  expect  changes  in  piiC^  and  piiTj 
at  least  of  a  similar  order  of  magnitude. 

It  has  been  shown  that  the  inhibition  can  be  quite  sensitive  to  small 
changes  in  the  binding  energy  (Eq.  6-102,  Fig.  6-15)  and  it  is  clear  that 
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vicinal  groups  up  to  at  least  12  A  from  the  active  center  can  produce 
significant  effects.  Some  might  consider  the  ionization  of  the  vicinal  group, 
in  its  effect  upon  K^,  as  an  ionization  of  the  enzyme-inhibitor  complex 
However,  it  would  seem  more  usual  to  consider  the  EI  complex  as  made 
up  of  the  inhibitor  and  the  active  center,  and  it  is  probably  preferable  to 
consider  ionizing  groups  outside  of  the  active  center  as  separate  from  the 
EI  complex.  Experimentally,  nevertheless,  it  is  sometimes  not  easy  to  dis- 
tinguish between  ionizations  in  the  active  center  and  ionizations  of  groups 
that  are  close  by,  unless  a  definite  jog  instead  of  a  change  in  slope  is  evi- 
dent in  the  piiTZ-pH  plot.  Such  jogs  have  not  been  recognized  or  treated 
in  the  enzymes  so  far  subjected  to  this  analysis,  but  if  one  examines  the 
experimental  points  closely,  definite  jogs  are  often  observed,  usually  be- 
tween 0.1  and  0.4  ])K-  units  in  magnitude  and  thus  indicate  vicinal  groups 
between  8  and  12  A  distant  from  the  active  center. 

We  have  considered  the  effects  of  a  single  vicinal  group  on  the  K^  but 
actually  there  are  probably  several  ionizing  groups  within  an  effective  dis- 
tance of  the  active  center  on  most  enzyme  proteins.  Averaging  data  from  a 
number  of  proteins  for  which  the  total  number  of  ionizing  groups  and  the 
molecular  size  are  known,  it  may  be  calculated  that  a  typical  protein  mol- 
ecule possesses  an  ionizing  group  for  each  25  A^  area  of  the  surface.  The 
area  of  the  protein  surface  within  12  A  of  the  active  center  may  be  esti 
mated  as  approximately  500  A-  (since  most  enzyme  proteins  are  not  spher- 
ical, only  rough  estimates  need  be  made)  and  hence  will  contain  on  the 
average  about  twenty  ionizing  groups.  Now,  only  a  fraction  of  these  groups 
will  ionize  over  the  pH  range  of  interest.  Usually  not  over  25%  of  the  total 
groups  will  have  piiC^'s  between  5  and  9  and  thus  we  can  assume  that 
around  five  groups  are  so  situated  that  they  can  produce  a  significant  ef- 
fect on  the  p^,.  This  will  clearly  vary  with  the  amino  acid  composition  of 
the  enzyme  protein  but  the  calculation  shows  that  usually  more  than  one 
ionizable  group  must  be  expected.  If  two  or  more  groups  have  the  same 
pi^a,  their  individual  effects  will  sum;  thus  three  interacting  vicinal  groups 
at  a  distance  of  10  A  could  change  the  p^,  by  as  much  as  one  unit.  The 
progressive  effects  on  the  p/ii ,  of  several  vicinal  groups  with  different  pJ^^'s, 
when  the  pH  is  varied,  may  be  complex. 

Another  ai^proach  to  the  effects  of  protein  ionizing  groups  on  the  K^  is 
to  neglect  the  interactions  of  specific  groups  with  the  EI  complex  and  con- 
sider only  the  total  net  charge  on  the  enzyme.  The  total  interaction  energy 
of  the  protein  charge  with  the  EI  complex  is,  of  course,  the  sum  of  the 
energies  from  the  individual  groups,  i.e.,  Ji^^^,,,,  =  i^]^"  AF i  where  AF^ 
is  the  interaction  energy  due  to  the  ?'th  group  and  there  are  n  such  groups. 
Although  single  groups  beyond  15  A  from  the  active  center  do  not  affect 
the  K^  markedly,  there  are  so  many  ionizing  groups  on  most  proteins  that 
the  summed  effect  may  be  appreciable.  The  effects  of  the   total  protein 
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charge  on  the  ^^'s  of  ionizing  groups  on  proteins  have  been  treated  in  sev- 
eral different  ways  and  we  shall  utilize  these  approaches  in  discussing  the 
effects  on  K^. 

The  total  free  energy  for  the  formation  of  the  EI  complex  is  given  by: 

AF,  =  AF.r^t  +  AF,,,,  (14-123) 

where  zl-f'j,;^  is  the  intrinsic  association  energy  when  the  enzyme  is  in  the 
isoelectric  state  and  AF ^i^^  is  the  contribution  arising  from  electrostatic 
interaction  with  the  net  enzyme  charge.  Tanford  (1955),  postulated  that 
/\Fgigc  is  proportional  to  the  total  net  charge  on  the  protein  and  desig- 
nated the  proportionality  factor  as  2RTw.  Thus: 

AFi  =  AF,„t  +  2RTwz  (14-124) 

where  z  is  the  total  number  of  charged  groups  and  may  be  either  positive 
or  negative.  Substituting  RT  In  K^  for  AFi  and  RT  In  K^  for  JF^,^^  and 
solving  for  K^: 

Ki  =  K]  e^"'^  (14-125) 

K°  is  the  inhibitor  constant  for  the  isoelectric  enzyme  and  K^  is  the  inhi- 
bitor constant  when  there  is  a  net  charge  on  the  enzyme. 

A  convention  must  be  adopted  with  regard  to  the  sign  of  z  in  applying 
these  equations  to  inhibition.  For  acidic  dissociation  there  is  no  problem 
because  the  proton  is  always  positively  charged  and  the  true  sign  of  z 
will  indicate  whether  K^  is  larger  or  smaller  than  K°^.  However,  an  inhi- 
bitor may  be  negatively  charged  and  the  opposite  effects  would  be  expected. 
Thus  we  may  formulate  the  following  rule:  when  the  charges  on  the  inhi- 
bitor and  the  enzyme  are  of  the  same  sign,  z  is  positive,  and  when  the  char- 
ges are  of  opposite  sign,  z  is  negative.  Thus  for  a  negatively  charged  inhi- 
bitor and  a  positively  charged  enzyme  (on  the  acidic  side  of  the  isoelectric 
point),  2  will  be  negative  and,  from  Eq.  14-125,  it  is  seen  that  K^  will  be 
smaller  than  A^,  as  anticipated.  It  may  also  be  noted  that  the  sign  conven- 
tion in  Eq.  14-124  is  different  from  that  of  Tanford  because  the  free  energy 
changes  here  are  related  to  the  formation  rather  than  to  the  dissociation  of 
the  EI  complex. 

These  equations  cannot  be  applied  until  the  electrostatic  factor,  w, 
is  defined  and  determined  in  some  way.  The  definition  of  w  is  such  that 
2RTwz  is  the  electrostatic  energy  involved  in  bringing  a  unit  charge  from 
infinity  up  to  the  enzyme.  The  value  of  w  was  expressed  by  Scatchard 
(1949)  in  terms  of  the  Debye-Hiickel  theory  as: 

~  -  -^ 1  (14-126) 

0  1  +  xa 
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where  e  is  the  electronic  charge,  b  is  the  radius  of  the  enzyme  protein  sphere, 
a  is  the  distance  from  the  surface  of  the  si)here  in  which  small  ions  are  ex- 
cluded, and  K  is  the  Debye-Hiickel  constant  representing  the  reciprocal  of 
the  thickness  of  the  ionic  atmosphere.  The  value  of  w  will  depend  on  the 
temperature,  the  ionic  strength,  and  numerous  other  factors.  For  a  given 
total  net  protein  charge,  the  larger  the  protein  molecule  and  the  smaller 
the  surface  charge  density,  the  smaller  w  will  be.  Deviations  of  the  protein 
from  sphericity  also  will  modify  w.  Methods  for  experimentally  determining 
w  have  been  given  by  Tanford  (1955)  and  he  has  reported  values  of  0.04 
for  /?-lactoglobulin  and  0.021  for  bovine  serum  albumin  at  an  ionic  strength 
of  0.15  (the  value  for  /?-lactoglobulin  was  calculated  from  a  curve  based  on 
Tanford's  values  at  other  ionic  strengths).  Many  enzyme  test  media  have 
much  lower  ionic  strengths  (see  Chapter  2),  in  which  case  iv  will  be  greater 
(for  /5-lactoglobulin,  iv  =  0.06  at  an  ionic  strength  of  0.019). 

The  variations  of  the  inhibition  and  the  pii^,  due  to  changes  in  the  net 
protein  charge  are  shown  in  Fig.  14-15  as  calculated  from  Eq.  14-125  with 
IV  =  0.05.  A  total  of  50  net  charges  on  the  enzyme  will  shift  the  piiC,  by 


+  8         +16        +24       +32       +40      +48 


Fig.   14-1.5.  Variation  of  p/iTj  and  the  inhibition  with  the  net  protein  charge  on  the 
enzyme  (Eq.  14-125).  Ki  =  1  mM,  (I)  =  1  mM,  and  w  =  0.05.  Curve  A:  pA',;  curve  B: 

inhibition. 
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2.17  units  here  and  either  abolish  the  inhibition  or  make  it  essentially 
complete,  depending  on  the  sign  of  the  charge.  These  calculations  are,  of 
course,  very  approximate  and  nothing  is  known  of  the  value  of  iv  for  any 
enzyme.  It  is  probably  valid  to  conclude  that  the  p^,  can  be  shifted  sig- 
nificantly by  a  change  in  pH,  either  through  interactions  with  vicinal 
groups  or  with  the  net  protein  charge. 

A  very  interesting  observation,  which  bears  on  the  present  problem,  was 
reported  by  Klotz  and  Ayers  (1957).  When  the  group  (Me)2N— <p— N=N— 
<p— Hg—  was  attached  to  cysteine,  the  ^K^  of  the  dimethylamino  group 
was  found  to  be  3.3,  but  when  it  was  linked  to  serum  albumin,  the  ^K^ 
was  1.8.  They  interpret  this  as  the  result  of  a  "frozen"  water  structure 
surrounding  the  protein  polar  groups  which  become  less  accessible.  They 
speak  of  the  meta  structure  of  the  protein,  the  framework  which  it  imposes 
on  the  water  in  its  vicinity,  and  how  this  may  be  altered  by  pH.  On  the 
other  hand,  in  the  pH  range  below  4,  serum  albumin  must  be  strongly 
positively  charged.  There  are  nearly  one  hundred  ionizable  groups  that 
should  be  positively  charged  in  this  region,  and  below  a  pH  of  4  the  net 
positive  charge  must  increase  rapidly  due  to  the  protonation  of  the  car- 
boxyl  groups.  From  the  curve  for  p^,  in  Fig.  14-15,  a  shift  of  1.5  units  would 
be  brought  about  by  around  thirty-five  positively  charged  groups  but 
since  iv  =  0.021  for  serum  albumin,  a  total  of  eighty-six  such  groups 
would  be  necessary,  which  is  not  unreasonable.  Therefore,  without  min- 
imizing the  importance  of  bound  water,  it  would  appear  that  this  result 
would  be  attributed  to  the  interaction  of  the  group  with  the  net  protein 
charge. 

Effects  of  Charged  Inhibitors  on  the  pKg's  of  Groups  at  the  Active  Center 

As  a  charged  molecule  approaches  an  ionizing  group  on  an  enzyme,  the 
affinity  of  this  group  for  protons  is  altered,  and  this  would  be  expressed 
as  a  change  of  the  i:>K^.  Thus  the  combination  of  an  enzyme  with  charged 
substrate  or  inhibitor  molecules  will  cause  a  shift  in  the  piC^'s  of  groups  at 
or  close  to  the  active  center.  An  experimentally  determined  jiK^  may  refer 
to  the  ES  or  the  EI  complex  and  this  j)K^  may  be  significantly  different 
from  the  Y)K,,  of  the  same  group  on  the  free  enzyme.  This  may  be  important 
in  the  identification  of  the  nature  of  the  ionizing  group.  We  have  seen  that 
in  the  Dixon  method  of  plotting,  the  ionizations  of  free  enzyme  and  en- 
zyme complex  groups  can  often  be  distinguished  by  the  direction  of  the 
inflections  in  the  curves. 

The  formation  of  comi)lexes  between  fumarase  and  fumarate  or  malate 
has  been  shown  to  alter  the  p^^'s  of  at  least  two  enzyme  groups  (Massey 
and  Alberty.  1954;  Frieden  and  Alberty,  1955;  Alberty,  1956  a).  The 
results  are  summarized  in  Table  14-3  and  it  is  seen  that  shifts  of  +  0.4 
to  +1.6  were  usually  demonstrable.  The  one  discrepancy,  the  reduction 
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Table  14-3 
Ionization  Constants  or  Fumarase  and  Its  Complexes  with  Substrate  « 


Buffer 

P^«e 

P^'«e/ 

^pKa 

■^       "em 

^Pi^a 

Phosphate 

Group  a 

5.7 

5.85 

+0.15 

7.2 

+  1.5 

Group  b 

7.2 

7.7 

+0.5 

8.4 

+  1.2 

Acetate 

Group  a 

6.2 

5.3 

-0.9 

6.6 

+0.4 

Group  b 

6.8 

7.3 

+0.5 

8.4 

+  1.6 

"  From  Massey  and  Alberty  (1954)  and  Frieden  and  Alberty   (1955).  Phosphate 
33.3  mM  and  acetate   10  mif. 


of  the  pK^  in  the  EF  complex  in  acetate,  is  unexplained.  These  results  are 
presented  to  illustrate  the  magnitudes  of  the  changes  that  may  occur  inas- 
much as  no  EI  complex  ionization  has  been  worked  out  in  this  detail. 

Negatively  charged  inhibitors  should  increase  the  p/iC^  and  i^ositively 
charged  inhibitors  should  decrease  the  i^K^.  The  magnitude  of  the  shift  will 
depend  primarily  on  the  amount  of  inhibitor  charge  and  the  distances 
between  the  groups.  The  curve  in  Fig.  14-14  may  be  used  to  estimate  the 
effect,  since  the  ionizing  group  on  the  inhibitor  will  have  the  same  effect 
on  the  ionizing  group  on  the  protein  as  will  the  latter  on  the  former.  The 
shifts  observed  with  fumarase  indicate  the  protein  groups  to  be  between 
6  to  10  A  from  the  carboxylate  ions  on  fumarate  and  malate  (since  the  charge 
on  these  substrates  is  —  2,  the  curve  in  Fig.  14-14  cannot  be  read  off  direct- 
ly, but  inasmuch  as  the  shift  in  piiC,,  is  proportional  to  the  interaction  energy, 
in  this  case  one-half  the  observed  JpiiT^'s  may  be  used).  It  is  probable  that 
at  least  one  of  these  groups  on  fumarase  is  involved  in  the  catalytic  reac- 
tion and  not  in  the  binding  (perhaps  group  b  which  may  be  an  imidazole). 
One  might  expect  that  charged  inhibitors  would  produce  similar  effects 
to  those  reported  for  the  fumarase  substrates,  i.e.,  that  a  single  charged 
group  on  the  inhibitor  that  is  8  to  10  A  distant  from  an  ionizable  group  on 
the  enzyme  would  shift  the  pE'^  around  0.4  units.  Factors  other  than  elec- 
trostatic may  also  play  a  role.  An  inhibitor  molecule  might  cover  or  mask 
an  enzyme  group  so  that  it  would  not  be  readily  accessible  to  protons,  or 
might  interfere  sterically  with  it  to  varying  degrees. 

The  characterization  of  the  chemical  nature  of  an  enzyme  group  from 
the  experimentally  determined  p^T^  sometimes  presents  problems  in  that 
it  is  impossible  to  predict  accurately  what  the  -pK^  of  any  particular  group 
on  an  enzyme  might  be.  Ionization  constants  for  some  amino  acids  in  dif- 
ferent states  are  shown  in  Table  14-4  and  the  marked  effects  of  charged 
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Table  14-4 
Dissociation  Microconstants   of  Three  Amino  Acids  " 


Amino  acid 

Group 

pA'„ 

Ionization  state 
of  other  groups 

Glutamic  acid 

a-COOH 

2.15 

y-COOH,     NH3+ 

2.62 

y-COO-,      NH3+ 

4.30 

y-COOH,     NH2 

4.74 

y-COO-,      NH3 

y-COOH 

3.85 

a-COOH,    NH3+ 

4.32 

«-C00-       NH3+ 

4.65 

a-COOH,    NH2 

5.09 

a-COO-,     NH2 

NH3+ 

7.04 

a-COOH,    y-COOH 

7.84 

a-COOH,    y-COO- 

9.19 

a-COO-,     y-COOH 

9.96 

a-COO-      y-COO- 

Cysteine 

COOH 

1.71 

SH,             NH3+ 

2.79 

S-,               NH3+ 

3.80 

SH,             NH2 

4.74 

S-,               NH, 

SH 

7.45 

COOH.        NH3+ 

8.53 

C00-,         NH3+ 

9.09 

COOH,        NHa 

10.03 

C00-,         XH, 

NH3+ 

6.77 

COOH,        SH 

8.41 

COOH,        S- 

8.86 

C00-,         SH 

10.36 

C00-,        s- 

Tyrosine 

COOH 

2.30 

OH,             NH3+ 

2.51 

0-,              NH3+ 

4.25 

OH,             NH2 

4.49 

0-,              NH2 

OH 

9.42 

COOH,        NH3+ 

9.63 

C00-,         NH3+ 

9.80 

COOH,        NH2 

10.04 

C00-,         NH2 

NH3+ 

7.33 

COOH,        OH 

7.71 

COOH,        0- 

9.28 

C00-,         OH 

9.69 

COO,-        0- 

°  Values  obtained  from  Edsall  and  Wyman  (1958,  p.  494)  for  glutamic  acid,  from 
Benesch  and  Benesch  (1955)  for  cysteine,  and  from  Martin  et  al.  (1958)  for  tyrosine. 
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groups  in  the  vicinity  of  the  ionizing  group  are  evident.  Such  variation  of 
the  p^a  with  the  environment  must  always  be  taken  into  account  in  in- 
terpreting the  data.  Table  14-5  presents  the  p^^'s  of  certain  important 
protein  groups  as  determined  from  the  titrations  of  amino  acids,  polypep- 
tides, and  proteins,  and  the  values  are  eclectic  and  somewhat  arbitrary. 

Table  14-5 
Dissociation   Constants  of  Enzymically  Important  Groups  " 


Group 

Type 

Amino  acids 

pA'a 

pKa  Range 

Carboxyl 

a 

3.2 

2.2-  4.7 

Carboxyl 

/3 

Aspartic  acid 

4.1 

3.5-  4.9 

Carboxyl 

y 

Glutamic  acid 

4.5 

3.8-  5.1 

Imidazolium 

Histidine 

6.1 

5.8-  6.3 

Amino 

a 

8.6 

7.8-10.4 

Sulfhydryl 

Cysteine 

8.7 

8.3-10.1 

Amino 

£ 

Lysine 

9.8 

9.5-10.3 

Phenolic 

Tyrosine 

10.1 

9.6-10.5 

Guanidinium 

Arginine 

12.2 

12-13 

"  The  pA'„  given  is  considered  to  be  the  most  hkcly  vahie  to  be  found  in  proteins 
taking  into  account  the  net  charge  of  the  average  protein  in  the  pH  range  near  the 
pKa-  The  actual  value  in  a  particular  protein  may  vary  from  this,  depending  not  only 
on  the  over-all  net  charge  of  the  protein  but  on  vicinal  ionizing  groups  and  steric  fac- 
tors; the  most  probable  ranges  to  be  found  are  given  in  the  last  column. 


Variation  of  the  Rate  of  Inhibition  with  pH 

The  rate  at  which  the  inhibition  of  an  enzyme  develops  may  also  depend 
on  the  pH.  Two  basic  mechanisms  may  be  involved:  changes  in  the  con- 
centration of  the  active  form  of  the  inhibitor  and  changes  in  the  rate  con- 
stants for  the  inhibition.  In  other  words,  the  situation  is  the  same  as  in  the 
variation  of  K^  with  pH.  Similarly,  we  may  define  a  true  rate  constant,  k^ 
or  k_i,  as  expressing  the  rates  of  formation  or  dissociation  of  the  EI  complex 
when  the  enzyme  and  the  inhibitor  are  in  their  active  forms,  and  an  apparent 
rate  constant,  k^  or  k'_j^,  which  is  experimentally  derivable  by  plotting  pro- 
cedures. Thus,  a  change  in  pH  may  i)roduce  a  change  in  the  apparent  rate 
constants  either  by  affecting  the  concentrations  of  active  forms  or  by  di- 
rectly altering  the  true  rate  constants.  Of  course,  the  rate  constants  and 
K^  are  closely  related  and  a  change  in  K^  implies  some  modifications  of 
k^  and  k^^. 
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If  the  initial  inhibition  rate,  uncomplicated  by  the  reverse  reaction, 
can  be  measured,  Eq.  12-16  may  be  rewritten  as: 

i  =  1  -  e-^iwtu  (14-127) 

and  for  the  rate  of  inhibition  at  any  time: 

^   =K   -^  e-^i^h)t:u  (14-128) 

at  fi 

where  /^  is  the  appropriate  pH  function  for  the  inhibitor.  The  value  of  ki 
can  be  determined  by  plotting  log  (1  —  i)  against  t,  since  the  resulting  slope 
will  be  —  ^i(I;)/2.3/,.  Therefore,  k^  =  k-^^lfi-  It  is  easy  to  determine  if 
such  a  pH  function  is  involved  or  whether  k^  itself  is  changed.  Let  us  as- 
sume that  I  is  the  active  form  of  a  monobasic  inhibitor,  so  that: 

^■'  -  TTTSW7  '"-^^«' 

which  may  be  rewritten  in  logarithmic  form  as: 

Vk,'  =  p/ti  +  vKa  -  pH  (14-130) 

where  pA-j  =  —  log  A\,  when  the  pH  is  below  the  pii^^,  so  that  a  plot  of  i[)k^' 
against  pH  will,  in  this  region,  be  linear  with  a  slope  of  —  1  if  the  varia- 
tion is  due  only  to  changes  in  (I).  If  it  does  not  so  conform,  it  may  be  sus- 
pected that  A-j  varies  with  pH.  If  the  rate  of  reversal  of  the  inhibition  can 
be  measured  at  different  pH's,  any  changes  in  k'_i  must  be  due  to  changes 
in  A;_i  since  the  dissociation  rate  of  the  EI  complex  depends  only  on  this 
rate  constant,  and  if  k_i  changes  it  is  likely  that  k^  is  also  altered. 

When  the  reverse  reaction  (the  dissociation  of  EI)  cannot  be  neglected, 
Eqs.  12-11  and  12-13  must  be  used  with  the  substitution  of  (I,)//;  for  (I). 
The  value  of  k/  obtained  from  the  slope  of  a  plot  of  log  {if  —  i)  against  t 
will  be  given  by: 

'''  =  -  a^: 

but  the  true  rate  constant  is: 

k,= ^^  (14-132) 

(I.)  +  m, 

so  that  now  k^   does  not  equal  fjc-i^. 

In  the  ionic  interactions  we  have  been  considering,  variations  in  k^  or 
A.'_x  would  be  due  to  the  altered  electric  fields  at  the  active  center  brought 
about  by  changes  in  the  pH.  The  activation  energy  for  the  formation  of  the 
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EI  complex  would  be  either  raised  or  lowered  depending  on  whether  the 
change  in  enzyme  charge  tends  to  repel  or  attract  the  inhibitor.  However, 
many  inhibitions  do  not  involve  such  electrostatic  mechanisms  in  the  for- 
mation of  the  EI  complex,  the  reaction  being  frequently  chemical,  as  in 
the  inhibitions  produced  by  alkylating  agents,  arsenicals,  and  mercurials 
on  SH-dependent  enzymes.  It  is,  of  course,  possible  that  electrostatic  in- 
teractions occur  even  here  if  the  inhibitor  is  charged,  but  the  reaction  once 
the  inhibitor  has  reached  the  surface  of  the  enzyme  may  vary  with  pH 
for  quite  different  reasons.  In  these  cases,  it  is  possible  that  the  inhibition 
rate  may  be  increased  or  decreased,  but  the  final  level  of  inhibition  reached 
remains  unchanged  by  the  pH  if  /{",  is  sufficiently  small  so  that  the  inhibi- 
tion is  pseudoirreversible.  No  really  quantitative  work  has  been  done  on 
the  pH  dependence  of  the  inhibition  rates  of  such  reactions  and  what  little 
has  been  found  will  be  discussed  in  the  volumes  on  individual  inhibitors. 

Variation  of  Inhibition  with  pH  in  Mutual  Depletion  Systems 

When  the  system  is  in  zone  C  (inhiliitor  almost  entirely  bound  to  the 
enzyme),  the  inhibition  will  be  independent  of  pH  since  i  =  (I^)/(E^)  and 
does  not  depend  on  /il,.  If  the  inhibitor  is  not  all  in  the  active  ionic  form 
that  binds  to  the  enzyme  at  the  pH  of  the  ext:)eriment,  the  strong  binding 
will  shift  the  ionization  equilibrium  until  all  the  inhibitor  is  combined 
with  the  enzyme.  In  zone  B  (inhibitor  partly  bound  and  partly  free),  the 
situation  is  more  complex  and  one  cannot  rewrite  Eq.  3-32  simply  by 
replacing  K^  by  fJ^K^,  because  the  system  will  be  intermediate  between 
zone  A  and  zone  C.  In  general  we  may  say  that  zone  B  inhibition  is  less 
sensitive  to  pH  than  a  comparable  system  in  zone  A  would  be. 

One  can  also  assume  a  system  such  as: 

^  ES  ^  E  +  P 

E   ^  (14-133) 

EI 

I  -f  H^  HI  (14-134) 

which  represents  competitive  inhibition  by  an  ionizing  inhibitor,  the  con- 
servation equations  for  which  are: 

(Ee)  =  (E)  -t-  (EI)  +  (ES)  (14-135) 

(I,)  =  (I)  +  (HI)  +  (EI)  (14-136) 

The  concentration  of  ES  is  given  by  a  quadratic  equation,  which  may  be 
solved  for  different  pH's  to  obtain  the  inhibitions.  However,  it  is  difficult 
to  use  experimental  data  from  such  inhibitions  to  calculate  Ki  directly. 
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It  can  be  shown  in  the  system  assumed  above,  where  I  is  the  active  form 
of  the  inhibitor,  that  lowering  the  pH  below  the  p^,,  of  the  inhibitor  will 
indeed  reduce  the  inhibition,  but  not  to  as  great  an  extent  as  in  systems  that 
do  not  exhibit  mutual  depletion. 

The  inhibition  of  «-chymotrypsin  by  diisopropylfluorophosphate  in  pure 
water  is  reversible  and  competitive  (Stein  and  Laidler,  1959).  This  is  a 
mutual  depletion  system  because  for  inhibitions  between  17%  and  88%, 
(I,)/(E/)  was  found  to  be  between  0.39  and  3.54.  The  variation  of  K^  with 


pH 

KiiM) 

7.5 

14.2    xlO-^ 

7.8 

19.9    xlO-5 

8.1 

20.4    xlO-5 

8.4 

9.35x10-5 

8.7 

5.72x10-5 

the  pH  was  determined  and  a  maximum  around  a  pH  of  8.1  was  demonstra- 
ted. Both  the  uninhibited  rate  and  the  inhibition  vary  with  pH  in  the  same 
fashion,  which  led  to  the  conclusion  that  diisopropylfluorophosphate  reacts 
with  the  enzyme  in  the  same  way  as  does  the  substrate.  The  mechanism  of 
the  pH  eifects  is  interpreted  in  terms  of  a  simultaneous  nucleophilic  attack 
by  an  imidazole  nitrogen  and  an  electrophilic  attack  by  a  protonated  amino 
group. 

The  pH  of  Inhibitor  Solutions  and  Enzyme  Preparations 

Accurate  knowledge  of  the  pH  is  necessary  in  all  enzyme  study  and  espe- 
cially so  in  experiments  designed  to  investigate  the  effects  of  varying  the 
pH.  Much  of  the  early  work  on  enzymes  and  inhibition  is  difficult  to  inter- 
pret because  of  the  failure  to  control  the  pH  adequately.  In  many  reports, 
unfortunately,  the  pH  at  which  the  experiments  were  run  is  not  given,  but 
this  is  becoming  progressively  less  common.  Even  when  the  pH  is  stated, 
one  can  justifiably  ask  if  this  is  reliable  or  whether  undue  faith  was  put  in 
some  buffer  system.  Perhaps  one  will  be  excused  for  including  a  few 
statements  on  these  simple  yet  important  problems. 

Many  inhibitors  are  weak  acids  or  bases  and  solutions  of  their  salts 
are  often  at  pH's  far  removed  from  neutrality.  Solutions  of  sodium  iodo- 
acetate,  sodium  malonate,  and  similar  salts  at  5  to  10  niM  range  in  pH 
from  8  to  9  whereas  solutions  of  the  corresponding  acids  are  between  2.5 
and  3.5  frequently.  Even  lower  concentrations  of  the  acids  can  decrease  the 
pH  significantly;  e.g.,  1  mM  2,4-dinitrophenol  has  a  pH  of  3.85  and  1  niM 
iodoacetic  acid  a  pH  of  3.26.  When  such  solutions  are  added  to  enzyme 
preparations,  the  important  question  is  whether  in  the  presence  of  the  buf- 


708  14.  EFFECTS  OF  pH  ON  ENZYME  INHIBITION 

fers  that  are  usually  included,  there  will  be  a  significant  alteration  of  the 
pH.  Of  course,  when  possible,  the  pH  of  the  inhibitor  solution  should  be 
adjusted  previously  to  the  pH  of  the  enzyme  preparation,  but  sometimes 
this  cannot  be  done  because  of  the  insolubility  of  the  inhibitor  at  the  required 
pH.  When  the  pH's  of  all  the  solutions  that  make  up  the  final  test  me- 
dium are  not  identical,  the  only  recourse  is  to  determine  the  pH  after  all 
additions  have  been  made.  However,  many  reports  simply  state  that  a 
buffer  of  the  designated  pH  was  used  and  one  is  left  to  wonder  if  the  actual 
pH  was  checked. 

The  pH  of  a  solution  of  a  weak  acid  or  its  salt  may  be  estimated  easily 
by  the  equations: 

Solution  of  HA:         pH  =  — -  [pKa  -  log  (A,)]  (14-137) 

Solution  of  NaA:        pH  =  -~  [-pK^  +  pZ„  +  log  (Aj)]  (14-138) 

Z 

where  K^,  is  the  ion  product  of  water  and  (A^)  =  (HA)  -f  (A~).  Since  K^ 
at  37.50  is  approximately  2.5x10"^^,  if  the  measurements  are  made  at 
physiological  temperatures,  pE"^,  =  13.6.  These  equations  are  not  exact 
but  are  satisfactory  for  most  inhibitors  at  the  concentrations  usually  used. 
The  presence  of  a  buffer  does  not  by  any  means  ensure  a  constant  pH. 
It  is  especially  important  to  know  the  exact  pH  at  which  a  reaction  is  run 
when  the  experiment  is  designed  to  study  the  effects  of  pH  variation;  it  is 
not  enough  to  set  up  a  series  of  reaction  vessels  containing  a  buffer  at 
different  pH's  and  to  assume  that  these  values  will  not  change  when  any 
addition  is  made  to  start  the  reaction  or  an  inhiliitor  solution  added  to 
one  vessel  of  a  pair  to  compare  with  the  uninhibited  rate.  The  buffer  ca- 
pacity of  a  solution  depends  on  the  concentration  of  buffer  and  the  sepa- 
ration of  the  pH  from  the  p/i,,  of  the  buffer.  The  enzyme  solutions  thus 
will  not  have  the  same  buffering  capacity  at  different  pH's  and,  whereas 
the  addition  of  an  inhibitor  at  one  pH  might  not  alter  the  pH  significantly, 
at  another  initial  pH  the  addition  would  have  a  marked  effect.  The  pH 
of  a  reaction  mixture  otten  changes  during  the  course  of  the  catalysis  and 
the  resistance  to  this  change  will  depend  on  the  initial  pH  and  the  buffering 
capacity.  Errors  of  0.1  pH  unit  or  less,  or  changes  of  this  magnitude  during 
the  reaction,  can  produce  mistakes  in  interpretation  and  lead  to  the  cal- 
culation of  incorrect  constants.  It  is,  therefore,  essential  either  to  measure 
the  pH  after  all  the  components  have  been  mixed  or  to  show  by  calculation 
that  the  buffer  capacity  is  adequate;  since  there  may  be  several  substances 
involved  in  the  buffer  activity  in  an  enzyme  preparation,  it  is  usually  sim- 
pler to  determine  the  pH  experimentally,  both  at  the  beginning  and  the 
end  of  the  reaction. 
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The  buffer  value  of  van  Slyke  is  defined  as  dXld\)]l  where  X  stands  for 
the  moles  of  strong  acid  or  base  added  per  liter  of  solution.  Its  value  is 
given  by: 

dXfdvB.  =  2.3a(l  -  a){B,)  (U-139) 

where  a  =  (B-)/(B^)  and  (B^)  is  the  total  concentration  of  buffer.  Ali)ha 
is  also  given  by  K^IKR^)  -t-  K^].  The  maximal  buffer  value  is  exhibited 
when  pH  =  p^^  and  a  =  0.5,  at  which  point  f/Z/f^pH  =  0.575(B,),  and 
it  falls  off  on  either  side.  Let  us  consider  a  0.02  M  phosphate  buffer  with 
pK^  =  7.2.  If  the  pH  of  the  solution  is  7,  a  =  0.389  and  flZ/c^pH  =  0.011. 
This  means  that  rfpH/f?Z  =  90  so  that  the  addition  of  a  5  mM  strong 
acid  will  shift  the  pH  0.45  units;  actually,  the  shift  will  be  somewhat  greater 
because  as  the  pH  is  lowered,  the  buffer  value  decreases.  If  the  pH  had 
been  6,  a  =  0.0593  and  dXIdvR  =  0.0017,  so  that  dpRjdX  =  590  and 
addition  of  5  mM  strong  acid  would  shift  the  pH  at  least  3  units.  The 
addition  of  a  weak  acid  will,  of  course,  have  less  effect,  but  can  be  appre- 
ciable; for  example,  the  addition  of  10  mM  malonic  acid  to  a  0.02  M  phos- 
phate buffer  at  pH  7  will  lower  the  pH  to  4.7.  On  the  other  hand,  the  addi- 
tion of  10  mil/  sodium  malonate  will  affect  the  pH  negligibly.  As  a  general 
rule,  when  the  pH  is  initially  one  unit  or  more  from  the  pZ^  of  the  buffer, 
the  buffering  capacity  will  usually  be  low  and  care  must  be  taken  to  prevent 
or  detect  changes  in  the  pH. 

Buffer  ions  occasionally  interact  with  the  enzyme  or  other  components 
of  the  system,  and  a  change  in  pH  —  by  modifying  the  concentrations  of 
these  buffer  ions  —  may  exert  effects  on  the  binding  of  the  substrate  or  the 
inhibitor.  We  have  observed  that  the  i:>KJs  of  the  two  enzyme  groups  on 
fumarase  are  different  in  acetate  or  phosphate  buffers  (Table  14-3).  Alberty 
(1954)  has  examined  the  rates  and  constants  of  the  fumarase  reaction 
for  their  dependence  on  the  concentration  and  pH  of  buffers,  and  has 
developed  a  theory  of  buffer  effects  that  applies  to  inhibition.  The  var- 
iation of  the  apparent  inhibitor  constant  with  pH  and  concentration  of 
buffer  is  represented  by  an  equation  of  the  type: 


where: 


'        /«./'  1  +L.(B) 


ft,  f        n 

LJhhe  jr  I       Jheb         j-r 

1    =  —? — ;^  ^be    "T        r     ,,      ""- e 
J he  J  he 


Jhbeb 


L.  = 


Jhe    J^be-^beb 

Jhbei    -^ei 
Jhei    "-be^bei 
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It  was  assumed  that  buffer  ions  could  bind  to  the  enzyme  competitively 
and  noncompetitively  with  regard  to  the  substrate,  the  former  being  re- 
presented by  EB  and  the  latter  by  BE.  The  inhibition  is  competitive  and 
hence  BEI  may  be  formed  but  not  EBI.  The  situation  is  complex,  the  data 
are  difficult  to  interpret,  and  experimentally  there  is  no  way  to  avoid  such 
effects  (unless  it  is  possible  to  find  another  buffer  with  the  proper  pK^ 
and  which  does  not  interact  appreciably  with  the  enzyme). 

The  complications  sometimes  introduced  by  the  buffer  make  it  reason- 
able to  reduce  the  buffer  concentration  as  much  as  possible  consonant  with 
the  system  used.  Some  enzymic  reactions  do  not  alter  the  pH  as  they  pro- 
ceed and  some  can  be  measured  before  any  pH  changes  might  occur;  in 
such  cases,  high  concentrations  of  buffer  are  superfluous.  If  each  of  the 
solutions  that  must  be  mixed  to  give  the  final  enzyme  preparation  can  be 
adjusted  to  a  single  desired  pH,  the  presence  of  a  buffer  is  not  so  impor- 
tant. In  many  cases,  0.01  to  1.0  M  buffers  are  used  without  reason,  where- 
as the  concentrations  could  be  reduced  to  minimize  any  buffer  effects.* 

Suggestions  for  pH  Studies  of  Inhibition 

Certain  practical  points  may  be  summarized  from  the  discussions  covered 
so  far  in  this  chapter.  These  may  be  useful  in  planning  investigations  of 
enzymes  and  their  inhibition  as  related  to  pH  and  thus  are  itemized  here. 

A.  Many  reports  deal  with  the  characterization  of  purified  enzymes.  In 
most  of  these  studies,  the  rate  is  determined  at  several  pH's  and  the  V^opt 
given.  This  is  a  useful  figure  but  it  is  not  as  informative  as  the  p^^'s  of 
ionizing  groups  at  the  active  center,  since  from  these  some  knowledge  of 
the  nature  of  the  groups  participating  in  the  catalysis  can  often  be  obtained. 
Similarly,  when  certain  types  of  inhibitors  are  used,  it  is  not  difficult  to 
determine  K/  at  a  few  pH's  and,  by  suitable  plotting,  to  arrive  at  a  better 
understanding  of  the  chemical  make-up  of  the  active  center. 

B.  Inhibition  studies  of  an  enzyme  should  be  made  at  a  pH  approximating 
that  in  the  cells  from  which  the  enzyme  was  obtained,  if  this  pH  is  known 
or  can  be  estimated,  whatever  the  'pH-opt  of  ^^e  enzyme.  Only  data  obtained 
at  a  physiological  pH  can  be  applied  to  inhibitions  in  the  living  cells. 

C.  The  reversibility  of  pH  effects  should  be  checked  in  order  to  recognize 
and  eliminate  denaturation  and  other  irreversible  inactivation  processes; 
unless  this  is  done,  the  data  cannot  be  correctly  interpreted  by  the  kinetic 
and  plotting  procedures  discussed  above. 

*  It  is  interesting  that  in  the  Methods  in  Enzymology  (Colowick  and  Kaplan,  1955) 
the  buffer  concentrations  used  in  the  standard  enzyme  assays  average  0.057  M  and 
in  18%  the  buffer  concentration  is  0.1  M  or  over. 
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D.  The  determination  of  K^  values  at  different  pH's  should  be  done  with 
different  methods  of  plotting  so  that  the  relationship  between  K-  and  K^ 
can  be  more  certainly  established. 

E.  In  comparing  inhibitors  on  an  enzyme,  take  the  pH  effect  into  account 
and  determine  the  true  inhibitor  constant,  K^,  since  it  is  only  from  K^ 
that  the  relative  affinities  and  binding  energies  may  be  calculated. 

F.  It  is  better  to  determine  directly  the  pH  of  each  enzyme  reaction  me- 
dium, after  all  additions  and  at  the  beginning  and  end  of  the  experimental 
interval,  rather  than  trust  a  buffer  throughout  the  range  of  pH  covered. 

G.  In  all  studies  of  enzymes,  including  inhibition,  use  the  lowest  con- 
centration of  buffer  possible  under  the  circumstances  so  as  to  avoid  buffer 
effects  that  may  complicate  the  kinetics.  Most  buffers  are  substances  that 
do  not  occur  within  cells,  or  not  at  the  concentrations  commonly  used,  and 
as  a  general  principle  it  is  advisable  to  introduce  as  few  unnatu-ral  substan- 
ces as  possible  and  to  use  media  that  are  as  close  in  composition  to  the  cy- 
toplasm as  our  information  allows. 
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The  kinetics  of  multienzyme  systems  were  found  in  Chapter  7  to  be 
fairly  complex  and  the  addition  of  i^H  dependence  for  each  of  the  steps,  due 
to  ionization  of  substrates,  enzymes,  or  both,  allows  the  kinetics  to  be  ex- 
tended in  a  straightforward  manner  but  often  makes  the  interpretation  of 
experimental  results  difficult  unless  the  behavior  of  each  enzyme  in  the 
system  is  understood.  Yet  it  is  with  such  problems  that  one  must  deal  in 
investigating  the  response  of  particulate  or  cellular  metabolic  systems  to 
changes  in  the  pH.  The  individual  rates  of  the  various  reactions  in  a  multi- 
enzyme  system  will  generally  show  different  types  of  dependence  on  the 
pH  and  thus  any  variation  in  the  pH  will  alter  the  steady-state  character- 
istics and  the  over-all  flow  pattern.  If  the  substrate.  A,  and  the  interme- 
diate, B,  in  the  simple  monolinear  chain,  A  ^  B  ->  C,  both  ionize,  the  con- 
centration of  the  active  form  of  B  will  change  with  pH  not  only  because 
of  the  direct  effect  on  its  ionization  but  also  because  of  the  altered  rates 
of  the  two  reactions.  In  a  divergent  chain,  as  in  scheme  7-25,  the  relative 
rates  at  which  C  and  D  are  formed  may  be  dependent  on  the  pH,  since 
Eg  and  Eg  will  be  affected  differently  by  changes  in  the  pH.  It  is  on  the 
background  of  such  behavior  that  inhibition  in  these  systems  must  be 
considered. 

The  steady-state  kinetics  for  multienzyme  systems  are  usually  obtained 
by  expressing  the  rates  of  the  various  reactions  —  v-^^,  i\,  v^,  ...  —  and  then 
relating  these  rates  appropriately  in  an  equation.  When  the  pH  is  to  be 
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taken  into  account,  each  rate  must  now  be  written  with  the  proper  pH 
functions  included.  For  examj)le,  in  a  two-step  monolinear  chain: 

El  E2 

A  ->  B  ^  C  (14-141) 

if  both  A  and  B  ionize  but  the  enzyme  does  not  over  the  range  studied: 

-  - "'  WtW  <"-'*^' 

"'  - '''  WtW  '"-^«' 

where  the  same  conventions  are  used  as  in  Eq.  7-2.  The  concentration 
of  B  in  the  steady  state  will  be  given  by  setting  i\  —  v^\ 

'^''  =  (A,)(F,-F.)+/.F.y.  <"-"*' 

which  may  be  compared  with  7-3. 

If  an  ionizable  inhibitor  competitively  inhibits  Eg,  the  rate  of  reaction 
2  must  now  be  written  as: 

V.  =  F, ^?i r^-^  (14-145) 


(B,),  +AK, 


fiK,\ 


so  that  the  change  in  the  intermediate  concentration  induced  by  the  in- 
hibitor will  be  given  by: 

which  differs  from  Eq.  7-8  only  in  the  /,  factor.  Thus  the  effect  of  the  inhi- 
bitor on  (B,)  will  not  depend  on  the  ionizations  of  the  substrate  or  inter- 
mediate but  only  on  the  ionization  of  the  inhibitor. 

When  the  enzyme  also  ionizes,  the  rate  expressions  for  the  inhibited 
step  will  depend  on  the  type  of  inhibition,  as  discussed  previously  in  this 
chapter.  Let  us  assume  that  each  enzyme  conforms  to  scheme  14-31  and 
the  inhibition  on  E2  is  of  the  type  IV  a  shown  in  scheme  14-52.  The  indi- 
vidual rate  expressions  will  be: 

^^  =  ^^    ,A^  ^/  fjr  (1^-1*'^) 

(A,)     +   fefaKi 

V,  =  F.  ^^ ^--^  (14-148) 


{^t)i  +  feMK, 


/.+        ^'^ 
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Solving  for  (B^)(,  and  (B^)  in  the  uninhibited  system,  it  is  found  that: 

Thus  the  expressions  indicating  the  change  in  (B,)  upon  inhibition  are  in 
these  cases  modified  in  a  simple  manner,  even  when  all  the  components 
of  the  system  ionize. 

The  same  procedure  as  outlined  here  can  be  applied  to  the  various  types 
of  multienzyme  systems  and  their  inhibitions  to  obtain  expressions  for  the 
concentrations  of  the  intermediates  and  to  predict  the  behavior  of  the 
rates  of  formation  of  the  products. 

VARIATION     OF    INTRACELLULAR     INHIBITION    WITH    pH 

The  various  ionic  forms  of  an  ionizing  inhibitor  —  I,  HI,  H^I,  etc.  — 
usually  penetrate  cell  membranes  at  greatly  different  rates.  It  is  generally 
assumed  that  the  uncharged  form  penetrates  the  most  rapidly  and  the 
highest  charged  form  the  least  rapidly  (this  is  discussed  in  more  detail  on 
page  721).  It  would  appear  that  in  some  cases,  for  practical  purposes,  cer- 
tain forms  of  the  inhibitor  may  not  penetrate  at  all.  Inhibitors  in  this 
respect  do  not  differ  from  other  weak  acids  or  bases  and  useful  information 
bearing  on  the  entrance  of  inhibitors  into  cells  may  be  obtained  from  results 
on  these  noninhibiting  substances.  The  fundamental  problem  in  the  theo- 
retical approach  to  intracellular  inhibition  is  the  calculation  of  the  con- 
centration of  the  active  form  of  the  inhibitor  within  the  cell. 

The  effects  of  changes  in  pH  on  cellular  inhibition  produced  by  non- 
ionizing inhibitors  must  depend  on  variations  in  the  membrane  permeability 
to  the  inhibitor  or  to  alterations  in  the  metabolism  brought  about  by  shifts 
in  the  intracellular  pH.  It  would  be  predicted  —  and  there  is  some  experi- 
mental evidence  to  support  this  —  that  neither  the  permeability  nor  the 
internal  pH  vary  markedly  if  the  external  pH  does  not  deviate  too  far  from 
the  normal  physiological  pH  of  the  medium.  Thus  little  effect  of  pH  on  inhi- 
bition would  be  expected  over  this  restricted  range.  However,  different 
types  of  cells  undoubtedly  behave  in  various  ways  when  the  external  pH  is 
changed  and  also  the  response  of  the  internal  pH  will  vary  with  the  nature 
of  the  buffers  in  the  medium.  The  pH  effects  in  such  systems  cannot  be 
treated  theoretically  and  we  shall  restrict  our  discussion  mainly  to  ionizable 
inhibitors. 

Distribution  of  Ionizable   Inhibitors   between   the    Medium   and   the   Cells 

The  final  concentrations  of  the  ionic  forms  of  an  inhibitor  within  a 
cell  will  depend  on  the  external  pH,  the  internal  pH,  the  form  or  forms  of 
the  inhibitor  that  can  penetrate  the  membrane,  and  the  buffer  capacity  of 
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the  cell  contents.  In  the  following  preliminary  treatments  of  the  problem, 
several  assumptions  are  made:  (1)  the  external  concentration  of  the  inhi- 
bitor remains  constant,  i.e.,  the  inhibitor  in  the  medium  is  not  depleted 
significantly  because  of  the  penetration  into  the  cells,  (2)  the  external  pH 
remains  constant  at  its  initial  value,  (3)  the  pH  and  the  distribution  of  the 
inhibitor  within  the  cells  are  homogeneous,  (4)  the  system  has  reached  equi- 
librium, and  (5)  only  the  uncharged  form  of  the  inhibitor  penetrates  into 
the  cell.  The  buffering  capacity  of  the  cell  is  very  important  in  determining 
the  distribution  of  the  inhibitor  and  we  shall  first  treat  the  two  extreme 
situations  —  where  the  cell  is  completely  buffered  so  that  the  internal  pH 
does  not  change  and  where  the  cell  is  unbuffered. 

Case  I:  cells  completely  buffered.  The  equilibria  involved  may  be  repre- 
sented by  the  following  diagram: 


H„  +  I„  —  HI„ 


(14-150) 


The  addition  of  the  inhibitor  will  result  in  the  entrance  of  HI  into  the  cells 
and  this  HI  will  dissociate  according  to  the  intracellular  pH  and  the  \)K^ 
of  the  inhibitor.  For  each  molecule  of  HI  that  enters  the  cell,  one  hydrogen 
ion  is  formed  upon  dissociation  and  one  ion  of  I~  is  released  if  the  inhibitor 
is  an  acid.  If  the  inhibitor  is  a  weak  base,  the  I  form  will  penetrate  and 
within  the  cell  can  pick  up  a  proton  to  form  HI"*".  The  exchange  of  protons 
in  either  case  must  occur  with  the  cell  buffers  in  order  that  the  pH  will 
not  change.  The  uncharged  form  will  enter  the  cell  until  its  external  and 
internal  concentrations  are  equal.  The  concentration  of  the  charged  form 
within  the  cell  may  now  be  calculated. 

The  equilibria  outside  and  inside  the  cell  may  be  wi'itten  as: 


(H)„(I)„  (H),(I), 


(HI)„  (HI), 

and,  since  (HI)^  =  (HI)j: 


=  K,  (14-151) 


(I),  =  (I),  41^  (14-152) 

(■tl}t 

(I)o  is  related  to  (I,)^,,  the  total  inhibitor  concentration  in  the  medium, 
through  the  pH  functions  used  earlier  in  the  chapter,  i.e.,  (I),,  =  {lt)oLfi- 
The  subscript  on  the  left  of  the  pH  function  will,  in  each  case,  indicate 
whether  the  pH  to  be  used  is  that  outside  or  inside  the  cells.  The  internal 
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concentration  of  I  in  terms  of  the  total  external  inhibitor  concentration  is 
given  by: 

(I.)»(H)„ 


ah  = 


o//(H), 


(14-153) 


The  charged  form  of  the  inhibitor  is  often  the  active  form  within  the  cell 
and  thus  its  concentration  will  frequently  determine  the  degree  of  inhibi- 
tion. The  expression  for  (HI),  in  terms  of  the  total  external  concentration 
is  simply: 

(!.)<, 


(HI), 


oJhi 


(14-154) 


and  the  total  concentration  of  the  inhibitor  in  the  cell  is  given  by: 

J/(I()o(H)<, 


(I.),-  = 


o//(H), 


14-155) 


These  concentrations  are  plotted  for  an  hypothetical  case  in  Fig.  14-16. 

There  are  two  particularly  important  points  to  note  in  these  curves.  The 

first  is  that  the  intracellular  concentration  of  the  ionic  form  varies  with  the 


lOCX) 


COMPLETELY    BUFFERED   CELLS 
(pHi=6.8) 


Fig.  14-16.  Variation  of  the  intracellular  inhibitor  concentration  with  pH 

(scheme  14-150).  The  cells  are  completely  buffered  at  pH,  =  6.8.  (I^)o  =  10 

m3I,  A'„  =  10-5,   and  (H),  =  1.6  X  10-'  31. 
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pH  in  a  manner  opposite  to  the  external  concentration.  The  pH  dependence 
of  cellular  enzyme  inhibition  may  thus  be  quite  different  from  that  of  the 
same  enzyme  when  isolated  and  in  solution.  The  second  point  is  that  the 
intracellular  concentration  of  the  inhibitor  may  be  much  higher  than  in 
the  medium;  in  the  example  chosen  in  Fig.  14-16,  it  is  63.5  times  as  great. 
It  is  evident  that  (I,)o  =  (I^)^  when  pH^  =  pH,;  below  pH,  the  internal 
concentration  will  be  greater  and  above  pH,  it  will  be  smaller  than  outside. 
The  inhibition  of  an  enzyme  within  the  cell  may  thus  be  much  greater  or 
much  less  than  would  be  expected  from  the  external  inhibitor  concentra- 
tion and  studies  of  the  enzyme  in  vitro. 

Case  II:  cells  unbuffered.  In  addition  to  Eq.  14-151  and  14-152,  there 
is  now  a  further  relationship: 

(H),  =  (H)»  +  (I),  (14-156) 

where  (H)*^.  is  the  initial  hydrogen  ion  concentration  in  the  cell  before  the 
inhibitor  is  added.  This  equation  results  from  the  fact  that  for  every  I 
released  in  the  cell,  a  corresponding  proton  arises.   Substituting  for  {\){. 

(H),  =  (H)«  +  ^;^^^°  (14-157) 


(H), 


and,  since  (HI)^  =  {IXlofh/- 


(H)^  -  (H)°  (H),  -     ^°f;^°    =  0  (14-158) 

oJhi 

When  (H)''  is  negligible  —  and  we  shall  see  that  it  usually  is  —  this  may 
be  simplified  to: 

(H).  =  ]/^f^  (14-159) 

f  oJhi 

The  value  of  (I)^  can  be  obtained  from  Eq.  14-156  using  (II)j;  from  either 
Eqs.  14-158  or  14-159  and  (III)j  is  still  given  by  Eq.  14-154.  The  concentra- 
tions of  the  forms  of  the  inhibitor  and  the  intracellular  pH  are  plotted  in 
Fig.  14-17   for  the  same  system  as  in  the  previous  figure. 

The  internal  concentration  of  inhibitor  does  not  rise  above  that  in  the 
medium  and  over  most  of  the  ])H  range  is  less.  It  is,  furthermore,  interesting 
to  note  that  the  internal  pH  is  reduced  appreciably  over  a  wide  range  of 
external  pH.  That  is,  even  at  a  pH  far  above  pH^,  sufficient  HI  will  enter 
the  cell  to  lower  pH,;  of  course,  very  little  HI  is  required  when  the  initial 
hydrogen  ion  concentration  is  as  low  as  it  is  in  most  cells.  In  the  example 
chosen,  (H)"  may  be  ignored  up  to  pH^  =  9  with  less  than  a  5%  error  in 
using  Eq.  14-159. 
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These  two  simple  and  extreme  cases  introduce  us  to  the  proljlems  that 
must  be  encountered  when  one  attempts  to  formulate  the  pH  dependence 
of  intracellular  inhibition.  These  basic  problems  revolve  around  the  un- 
certainty and  variability  in  the  intracellular  pH.  the  nature  and  the  effi- 
ciency of  the  buffers  within  the  cell,  and  the  permeability  properties  of 
the  cell  membrane.  Before  this  preliminary  treatment  can  be  extended 
and  applied  to  ex])erimental  data,  it  will  be  worthwhile  to  discuss  these 
problems  so  that  they  may  point  the  direction  to  an  improvement  of  the 
theory. 


100 
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0.0001  h 
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Fig.  14-17.  Variation  of  the  intracellular  inhibitor  concentration  and  the  in- 
ternal pH  with  the  external  pH  (scheme  14-150).  The  cells  are  unbuffered  with 
an  initial  pH,-  of  6.8.   (Ij)^  =  10   mM,   Z„  =  10-^  and  (H)»  =  1.6  X  10-'  M. 


The  Bulk  Intracellular  pH 

Determinations  of  intracellular  pH  have  been  made  for  the  past  50 
years  with  a  variety  of  techniques  and  under  greatly  different  conditions  of 
the  cells.  The  results  of  different  workers  have  often  shown  discrepancies, 
which  is  not  surprising  considering  that  some  of  the  techniques  for  meas- 
uring the  pH  (e.g.,  the  use  of  dye  indicators)  are  subject  to  large  errors  and 
that  any  deviation  in  the  state  of  the  tissue  from  normalcy  leads  to  rapid 
and  marked  changes  in  the  pH.   The  recent  development  of  micro-pH- 
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electrodes  for  intracellular  recording  will  allow  more  accurate  measurements 
to  be  made.  The  thorough  review  by  Caldwell  (1956)  covers  these  problems 
and  presents  a  complete  summary  of  the  intracellular  pH  values  that 
have  been  obtained  in  a  variety  of  cells.  Examining  the  data  carefully, 
eliminating  the  results  from  inaccurate  methods  and  from  probably  ab- 
normal cell  preparations,  one  may  arrive  at  reasonably  consistent  values 
for  the  most  likely  pH/s  in  important  types  of  cells.  It  would  appear  that 
the  following  cells  generally  have  a  pHj  between  6.8  and  6.9:  skeletal 
muscle,  cardiac  muscle*,  liver,  pancreas,  kidney,  gastric  mucosa,  tumors 
(various  sarcomas  and  carcinomas),  and  amebas.  The  pH,  in  some  cells  is 
a  little  higher  —  frog  and  invertebrate  nerve  (7.05)  and  erythrocytes  (7.2)  — 
and  in  others  lower  —  marine  invertebrate  eggs  (6.65)  and  yeast  (5.8). 
The  vacuolar  fluid  in  large  algal  cells  and  the  higher  plants  is  usually  be- 
tween 5.8  and  6.0,  but  there  are  no  reliable  data  for  the  pH  of  plant  proto- 
plasm. In  any  event,  the  majority  of  cells  may  be  considered  to  have  a 
pH,  in  the  neighborhood  of  6.8  and  this  value  will  be  assumed  in  the  exam- 
ples and  calculations  of  this  chapter. 

Although  the  normal  pH^  probably  does  not  fluctuate  widely  under  phys- 
iological conditions,  it  drops  fairly  quickly  when  the  cell  is  injured.  As 
muscle  becomes  fatigued  and  passes  into  rigor,  the  pH,  usually  falls  0.8- 
1.0  units,  and  cells  that  have  sustained  enough  injury  to  produce  cytolysis 
will  often  show  a  drop  of  1.2-1.8  units.  The  pH,  is  closely  related  to  the  me- 
tabolism for  several  reasons  —  the  release  of  protons  in  oxidations,  the  for- 
mation and  utilization  of  many  weak  acids,  the  ionization  reactions  of 
nucleotides,  etc.  —  and  thus  anoxia  appears  to  be  capable  of  altering  pHj 
readily.  In  experiments  involving  living  cells  with  regard  to  the  pH  de- 
pendence of  inhibition  it  is  necessary  to  ensure  i)hysiological  conditions, 
particularly  to  provide  as  normal  a  medium  as  possible  and  to  maintain 
oxygenation  of  the  cells. 

Effects  of  Inhibitors  on  Intracellular  pH 

There  are  two  important  ways  in  which  inhibitors  can  alter  the  pH,. 
The  first  is  by  entry  into  the  cell  of  undissociated  acid  or  dissociated  base, 
as  illustrated  by  the  case  of  the  unbuffered  cells  discussed  above.  The 
second  is  through  their  effects  on  the  cell  metabolism.  Inasmuch  as  anoxia 
readily  causes  a  fall  in  pH,,  one  might  expect  many  inhibitors  to  do  likewise. 
In  part  this  would  be  due  to  the  accumulation  of  acid  intermediates,  such 
as  lactic  acid,  and  in  part  due  to  shifts  in  the  equilibria  of  the  adenine 
nucleotides  and  creatine  phosphate.  If  the  formation  of  lactic  acid  by  gly- 

*  Preliminary  and  unpublished  experiments  by  Dr.  Philip  Hollander  using  a  micro- 
pH-electrode  in  rat  atrium  and  ventricle  indicate  the  normal  pH,  for  actively  con- 
tracting tissue  to  be  6.8. 
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colysis  were  important  in  this  fall  of  pH^,  one  might  predict  that  iodoacetate 
would  prevent  this.  Actually,  Lundsgaard  (1930  a)  showed  that  muscle, 
instead  of  becoming  more  acid  when  inhibited  by  iodoacetate,  exhibited 
a  slight  rise  in  pHj.  Voegtlin  et  al.  (193-1)  found  that  injections  of  iodoace- 
tate into  rats  raised  the  muscle  pHj  whereas  cyanide  lowered  it,  although 
these  experiments  were  complicated  by  the  changes  in  respiratory  function. 
Dubuisson  and  Schulz  (1938)  reported  that  anaerobic  tetanus  in  frog  muscle 
resulted  in  a  pH,  of  6.93  whereas  in  the  presence  of  iodoacetate  the  pH^ 
was  7.19.  There  has  been  understandably  very  little  work  on  the  changes 
in  j)H;  brought  about  by  inhibitors  but  it  is  an  important  aspect  of  the  prob- 
lem and  it  is  to  be  hoped  that  the  recent  advances  in  techniques  will  soon 
provide  some  information  on  this  matter.  Certainly,  some  of  the  actions  of 
inhibitors  could  be  the  result  of  intracellular  changes  in  pH^  brought  about 
in  either  of  the  two  ways  mentioned. 

Heterogeneity   of  Intracellular    pH 

The  pHj  is  not  uniform  throughout  the  cell.  There  is  very  little  experi- 
mental evidence  for  this  statement  but  our  knowledge  of  the  interior  of  the 
cell  makes  it  necessary  to  assume  such  a  heterogeneity.  The  structural  com- 
plexity of  the  cytoplasm  becomes  more  apparent  each  year  and  the  pos- 
sibility of  many  intracellular  compartments  becomes  more  likely.  The 
extrusion  of  cell  contents  in  order  to  determine  the  pH  leads  to  mixing  and 
a  disruption  of  the  structure  that  provides  the  bulk  pH,  values  described 
above.  Even  the  insertion  of  a  micro-pH-electrode,  small  enough  not  to 
damage  the  cell  irreversibly,  must  modify  the  cytoplasmic  structure  in  the 
region  of  the  electrode  tip  and  again  can  provide  only  an  average  cyto- 
plasmic pH.  The  concept  of  a  continuous  bulk  phase  of  cytoplasmic  ground 
substance,  as  assumed  by  the  early  cytologists,  is  no  longer  tenable. 

Where  within  cells  might  the  pH  be  particularly  different  from  the  mean 
or  bulk  pH?  The  following  come  to  mind  immediately:  (a)  mitochondria, 
(6)  vacuoles,  (c)  the  region  between  double  membranes,  {d)  the  surfaces 
and  interiors  of  membranes,  especially  when  an  electric  potential  exists, 
(e)  within  gel  structures,  such  as  myofibrils  or  spindle  fibers,  and  (/)  sites 
where  certain  types  of  metabolism  proceed  at  a  high  rate.  The  pH  near  a 
charged  surface,  such  as  that  of  a  protein  or  nucleic  acid,  is  not  that  of  the 
medium,  due  to  the  attraction  or  repulsion  of  such  surfaces  for  protons. 
Furthermore,  each  region  possessing  a  structurally  fixed  constellation  of 
charged  groups  will  have  a  pH  determined  by  Donnan  equilibria.  The  oc- 
currence of  such  multiple  Donnan  equilibria  within  cells  has  been  treated 
quantitatively  by  Caldwell  (1956).  The  heterogeneity  of  the  pH  is  expressed 
not  only  in  the  microscopically  observable  cell  components  and  structures, 
but  also  on  the  molecular  level  throughout  the  cell. 
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Early  work  on  the  interfacial  tension  of  films  of  the  long-chain  carbox- 
ylates  or  amines  showed  that  the  inflections  ijroduced  by  varying  the  pH 
did  not  correspond  to  the  p/C/s  of  the  substances,  indicating  that  the  pH 
in  the  film  may  not  be  the  same  as  in  the  bulk  phase.  Danielli  (1937)  ex- 
tended these  observations  and  from  the  assumption  of  a  Donnan  equili- 
brium between  the  film  and  the  bulk  phase  calculated  that  the  film  pH 
may  be  as  much  as  2  units  different  than  the  bulk  phase  pH.  Hartley  and 
Roe  (1940)  calculated  the  distribution  of  ions  near  particles  possessing 
C-potentials  and  with  respect  to  ])rotons  obtained  the  following  equation: 

{R+),  =  {R+),e-'^"'^  (14-160) 

where  (H+),  and  (H+)j  represent  the  concentrations  at  the  surface  and  in 
the  bulk  phase  respectively  and  C  is  the  electric  potential  between  the 
particle  and  the  medium.  This  can  be  rewritten  as: 

;■ 
pH,  =  pHf,  + 
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where  C  is  in  millivolts  and  the  temperature  is  37. 5o.  Since  potentials  of 
50  to  100  millivolts  are  quite  common,  it  is  seen  that  a  significant  difference 
in  pH  is  produced.  They  applied  the  theory  to  studies  of  amicroscopic  mi- 
celles of  surfactant  compounds  and  found  for  triethanolamine  cetane  sul- 
fonate that  p^j  —  pH,  was  around  1.5  units.  The  calculations  of  surface 
pH  values  for  proteins  by  either  Donnan  equilibria  or  electrokinetic  data 
were  shown  by  Danielli  (1941)  to  give  comparable  results.  A  plot  of  pH,  — 
pHj  against  pH^  for  ovalbumin  showed  that  the  surface  and  bulk  phase 
has  the  same  pH  when  pHj  was  4.8;  as  pH^,  is  lowered,  the  pH,  does  not 
decrease  as  rapidly  and  hence  pH,  —  pH^  is  positive,  and  upon  raising  the 
pH^,,  the  difference  becomes  negative.  At  pH^  =  7,  the  difference  was  about 
0.5  unit.  The  pH  difference,  of  course,  depends  on  many  factors,  such  as  the 
ionic  strength,  the  concentration  of  buffers,  the  amphoteric  properties  of 
the  protein,  and  the  protein  concentration,  so  that  such  results  cannot  be 
directly  applied  to  the  cell.  However,  they  do  indicate  the  magnitude  of 
the  effects  to  be  expected. 

What  is  the  importance  of  this  spatial  variation  in  pH  for  inhibitor  stud- 
ies ?  Of  greatest  significance  is  the  fact  that  it  may  lead  to  a  heterogeneous 
distribution  of  the  inhibitor  within  the  cell,  if  the  inhibitor  is  a  weak  acid 
or  base.  We  have  seen  that  the  concentrations  of  total  inhibitor  and  its 
ionic  forms  depend  on  the  pH,  in  buffered  cells.  In  the  same  manner,  the 
concentration  of  inhibitor  within  any  cell  compartment  will  depend  on 
the  pH  of  that  compartment.  The  concentration  of  active  inhibitor  may  vary 
from  region  to  region  at  equilibrium  and  different  degrees  of  effect  will  be 
exerted  on  the  enzymes  in  these  regions.  Let  us  assume  that  the  enzyme  with 
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which  we  are  concerned  is  ahnost  totally  restricted  to  the  mitochondria; 
the  internal  mitochondrial  pH  is  5.8  and  the  experimental  bulk  pHj  is 
6.8.  When  the  cells  are  allowed  to  come  to  equilibrium  with  a  weakly  aci- 
dic inhibitor,  the  concentration  of  I~,  the  active  form,  will  vary  inversely 
with  the  hydrogen  ion  concentration  of  the  region  (Eq.  14-152).  In  this  case, 
the  concentration  of  I~,  in  the  mitochondria  will  be  one-tenth  that  calcu- 
lated on  the  basis  of  pHj.  Accumulation  of  an  inhibitor  in  a  region  within 
the  cell  can  also  occur  by  this  mechanism.  What  is  fundamentally  impor- 
tant is  the  pH  of  the  region  in  which  the  inhibited  enzyme  is  located.  When 
calculations  of  inhibitor  distributions  or  intracellular  inhibitions  are  made 
using  the  bulk  cytoplasmic  pH,,  the  results  should  be  considered  to  be 
mean  values  at  the  best. 

The  action  of  an  inhibitor  is  usually  not  uniform  throughout  a  cell 
because  of  its  distribution  and  the  fact  that  the  susceptible  enzymes  are 
distributed  heterogeneously.  The  entrance  of  the  inhibitor  into  the  cell 
and  its  action  there  will  thus  not  change  the  internal  pH  uniformly.  If 
the  inhibitor  acted  specifically  on  the  mitochondrial  enzyme  in  the  above 
example,  the  intramitochondrial  pH  might  be  changed  to  a  degree  depending 
on  the  buffering  capacity  of  the  mitochondria,  without  appreciable  imme- 
diate changes  in  the  pH  elsewdiere.  Local  changes  in  pH  could  influence 
markedly  the  metabolic  and  functional  res])onses  of  the  cells  to  inhibitors. 

Permeant  Forms  of  Inhibitors 

Weak  acids  and  bases  penetrate  into  cells  more  rapidly  in  the  uncharged 
form.  This  would  be  expected  on  the  basis  of  what  is  known  about  the  per- 
meability of  cells  to  ions  and  neutral  molecules.  There  is  also  adequate  evi- 
dence to  support  this  concept.  It  has  been  generally  found  that  the  toxicity 
of  weak  acids  becomes  progressively  greater  as  the  pH  of  the  medium  is 
lowered  and  the  concentration  of  the  undissociated  form  rises.  Thus  Smith 
(1925)  found  that  salicylate  and  benzoate  anions  are  without  effect  on  the 
development  of  sand  dollar  {Echinarachnius)  eggs  in  normal  sea  water,  but 
that  cleavage  is  depressed  when  the  pH  is  lowered  to  provide  sufficient 
concentrations  of  the  acid  forms.  The  entrance  of  sulfide  into  Valonia  cells 
was  shown  by  Osterhout  (1925)  to  be  entirely  due  to  the  penetration  of 
the  membranes  by  HgS.  Analyses  of  the  total  sulfide  concentration  within 
the  cells  at  different  external  pH's  are  shown  in  Fig.  14-18  and  may  be  com- 
pared with  the  curve  which  gives  the  calculated  concentrations  of  H^S  in 
the  medium.  The  actual  rates  of  penetration  were  measured  by  Jacques 
(1936)  and  these  were  shown  to  be  proportional  to  (HaS)^  over  the  5-min 
periods  during  which  the  rates  were  measured.  Likewise,  the  rates  of  pene- 
tration of  arsenite  into  the  larvae  of  the  flesh  fly  were  found  to  rise  with 
a  decrease  in  pH  (Ricks  and  Hoskins,  1948)  as  would  be  expected  if  ar- 
senious  acid  were  the  principal  permeant  form.  Many  other  examples  from 
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inhibition  studies  point  to  the  same  conclusion.  The  effects  of  malonate 
on  seven  plant  tissues  (Fig.   14-19)  and  of  iodoacetate  on  yeast,  barley 


pH 

Rate  of  penetration 

(^g  As/larva/h) 

5.0 

9.9 

11.5 

3.24 
1.4.3 
0.26 

Fig.   14-18.  Penetration  of  HjS  into   Valonia  cells  at  different  ex- 
ternal levels  of  the  pH.  The  circles  show  the  experimental  points 
obtained  by  Osterhout  (1925)  and  the  curve  shows  the  per  cent  of 
the  total  sulfide  in  the  medium  that  is  H-S. 


roots,  and  oat  coleoptiles  (Fig.  14-20)  vary  with  external  pH  in  a  manner 
that  suggests  the  undissociated  acids  to  be  the  permeant  forms.  The  inef- 
fectiveness of  malonate  in  the  pH  range  above  7  has  been  noted  in  work 
with  many  tissues  (e.g.,  Webb,  1950  a)  and  the  actions  that  have  been  ob- 
served with  high  concentrations  are  probably  due  to  effects  on  the  mem- 
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branes  of  the  cells.  Other  evidence  comes  from  the  work  of  Simon  and 
Beevers  (1952)  and  this  will  be  discussed  in  later  sections.  Finally,  similar 
results  have  often  been  obtained  in  studies  on  drugs,  most  of  which  has 
been  reviewed  by  Albert  (1952).  A  particularly  conclusive  study  on  the  bar- 
biturates has  been  reported  recently  (Hardmanef  o/.,  1959)  and  it  was  dem- 
onstrated that  the  depressant  action  upon  isolated  cardiac  tissue  is  pro- 
portional to  the  concentration  of  the  uncharged  form,  the  ions  not  exerting 
any  effects. 
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Fig.  14-19.  Variations  of  the  inhibition  of  plant  tissue  respiration  by  malonate 
at  difierent  pHs.  Curve  A:  tomato  stem  slices  (Link,  et  al.,  1952).  Curve  B:  maize 
roots  (Beevers,  1952).  Curve  Cj:  rhubarb  leaves  —  malonate  =  6.8  mM  (Morrison, 
1950).  Curve  Cj:  rhubarb  leaves  —  malonate  =  34  mil/  (Morrison,  1950).  Curve 
D:  barley  roots  (Laties,  1949).  Curve  E:  spinach  leaves  (Bonner  and  Wildman, 
1946).  curve  F:  Avena  coleoptile  (Cooil,  1952).  curve  G:  carrot  root  slices  —  136 
min  after  cutting  (Hanly  et  al.,  1952). 


It  is  thus  established  that  the  uncharged  forms  of  weak  acids  and  bases 
penetrate  into  cells  more  readily  than  do  the  ionic  forms.  The  question  now 
arises  as  to  whether  the  ionic  forms  penetrate  at  all  or  are  of  any  signifi- 
cance in  the  actions  of  these  substances.  The  answer  to  this  question  is 
not  so  easily  given.  In  some  cases  the  results  conform  closely  to  the  behav- 
ior to  be  expected  if  only  the  neutral  form  penetrates  and  the  ionic  form 
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is  without  demonstrable  action;  that  is,  the  action  or  accumulation  is  di- 
rectly proportional  to  the  concentration  of  the  neutral  form  and  in  a  pH 
range  where  this  form  is  negligible,  the  action  is  undetectable.  In  Fig. 
14-19  it  is  seen  that  for  most  tissues  the  inhibiting  effect  of  malonate  dis- 
appears as  the  pH  becomes  greater  than  5.5-7.0.  However,  the  inhibition 
of  the  respiration  of  rhubarb  leaves  is  still  appreciable  at  these  higher 


Fig.  14-20.  Variations  of  the  inhibitions  produced  by  iodoacetate  with  the  pH. 
Curve  A:  yeast  fermentation  —  (lAA)  =:  1.1  n\M  and  time  =  20  min  (Schroeder 
et  al.,  1933  a).  Curve  B:  yeast  fermentation  —  (lAA)  =  1.1  m3I  and  time  =  2  h 
(Schroeder  et  al,  1933  a).  Curve  C:  yeast  fermentation  —  (lAA)  =  1.1  mil/  and 
time  =  6  h  (Schroeder  et  al.,  1933a).  Curve  D:  yeast  fermentation  —  (lAA)  =  1.1 
mJf  (Briicke,  1933).  Curve  E:  yeast  viabihty  —  (lAA)  =  1  mil  and  time  =  30 
min  (Aldous,  1948).  Curve  F:  barley  root  respiration  —  (lAA)  =  0.04  mM  (Laties, 
1949).  Curve  G:  Avena  coleoptile  growth  —  (lAA)  =  0.02  m3I  (Cooil,  1952).  Curve 
H:  yeast  fermentation  —  (lAA)  =  1  mil  and  time  =  4.5  min  (Lundsgaard,  1932). 


pH's;  the  inhibition  of  CO.,  production  actually  levels  off  above  pH  5.3. 
In  this  case  it  would  seem  that  an  ionic  form  can  penetrate.  Some  cells  are 
undoubtedly  more  permeable  to  ions  than  others  and  the  permeabilities  to 
cations  and  anions  need  not  be  equivalent  or  even  related.  Many  types  of 
cells,  such  as  renal  tubular  cells  or  erythrocytes,  are  reasonably  permeable 
to  anions.  It  is  not  only  a  matter  of  membrane  permeability.  Many  cells 
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possess  a  rather  fixed  internal  anion  concentration  and  for  an  anion  to 
enter  the  cell,  either  a  cation  must  be  taken  in  simultaneously  or  an  internal 
anion  released  from  the  cell  in  exchange.  The  amount  of  exchangeable 
anion  in  many  cells  is  very  low;  for  example,  the  chloride  concentration  in 
nerve  and  muscle  is  usually  less  than  10  .mM.  Of  course,  some  cells  have 
mechanisms  for  the  active  transport  of  organic  anions  and  the  entrance  of 
a  possible  inhibitor  anion  would  dei3end  on  how  readily  it  would  react  with 
this  mechanism. 

It  is  also  possible  for  the  the  ionic  form  to  be  active  without  penetrating 
into  the  cell  through  an  action  in  some  manner  on  the  cell  surface.  The 
anions  of  the  tricarboxylic  acid  cycle  substrates  exert  small  but  definite 
actions  on  the  membrane  properties  of  cardiac  cells  and,  through  these 
changes,  on  the  contractility  (Webb  and  Hollander,  1956).  These  actions  are 
presumably  unrelated  to  their  metabolic  role  and  in  a  similar  manner  the 
anions  of  inhibitors  could  alter  tissue  function  independently  of  any  en- 
zyme action. 

The  plotting  of  equiactive  concentrations  of  inhibitors,  or  their  un- 
dissociated  forms,  against  pH  provides  a  means  of  testing  the  activity  of 
the  ionic  forms  and  it  was  concluded  by  Simon  and  Beevers  (1952),  from  the 
results  on  many  types  of  cells  and  substances,  that  the  ionic  form  can  be 
of  importance,  at  least  over  a  certain  range  of  pH.  The  ion  would  not  have 
to  penetrate  well  to  have  a  very  significant  effect  on  the  inhibition  in  long- 
term  experiments,  such  as  in  studies  on  growth.  The  penetration  of  the 
ion  should  actually  reduce  the  inhibition  produced  by  the  uncharged  form 
in  many  cases,  because  the  ion,  instead  of  accumulating  in  the  cell  as  it 
is  formed  from  the  un-ionized  inhibitor,  will  leave  the  cell.  The  results  will 
often  depend  on  how  long  the  cells  are  incubated  with  the  inhibitor  and 
particularly  on  whether  equilibrium  has  been  reached  or  not.  Even  if  only 
the  un-ionized  form  penetrates,  in  a  i^H  range  much  above  the  p^^,  the 
rate  or  entrance  of  HI  may  be  very  slow  due  to  the  low  concentration  gra- 
dient and  equilibrium  will  be  achieved  only  slowly.  If  HI  penetrates  more 
rapidly  than  I~,  HI  may  enter  initially  and  the  concentration  of  I""  build 
up  in  the  cell,  later  to  be  reduced  as  I~  diffuses  out  of  the  cell.  The  best 
conclusion  is  probably  never  to  ignore  the  ionic  form  until  it  has  been  ex- 
perimentally proved  to  be  impermeant  or  inactive. 

Some  confusion  has  occurred  in  the  past  from  the  use  of  the  term  active 
form  when  applied  to  the  effects  of  weak  acids  or  bases  on  cells.  The  un- 
charged form  has  frequently  been  called  active  when  it  has  been  found  that 
the  cellular  action  is  dependent  on  its  concentration.  However,  within  the 
cell  it  may  well  not  be  the  active  form  on  the  enzyme.  It  would  be  better 
to  distinguish  between  the  permeant  form,  that  which  enters  the  cell  pre- 
dominantly, and  the  active  form,  the  form  that  combines  with  and  inhibits 
the  enzyme.  These  two  forms  are  often  different.  Usually  it  is  the  ionized 
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form  that  reacts  with  the  enzyme  and  the  un-ionized  form  that  pene- 
trates. The  difference  is  clearly  illustrated  by  the  effects  of  iodoacetate  on 
yeast  (Schroeder  et  al.,  1933  b).  The  rate  of  reaction  of  iodoacetate  with 
the  SH  groups  of  glutathione  increases  with  pH  (Fig.  14-21,  curve  A) 
while  the  inhibition  of  intracellular  fermentation  decreases  with  pH  (curve 
B).  Although  iodoacetate  does  not  depress  fermentation  by  reacting  with 
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Fig.  14-21.  Effect  of  the  pH  on  the  reaction  of  iodoacetate  with  glutathione  (curve 

A),  on  the  inhibition  of  yeast  fermentation  by  iodoacetate  (curve  B),  and  on  the 

reaction  between  iodoacetate  and  glutathione  within  yeast  cells  (curve  C).  (From 

Schroeder   et  al,   1933  6.) 

glutathione,  the  pH  dependence  of  its  inhibition  on  phosphoglyceraldehyde 
dehydrogenase  is  probably  similar.  The  permeant  form  here  is  iodoacetic 
acid  and  the  active  form  is  the  iodoacetate  anion. 


Buffer  Capacity  of  Cells 

The  degree  of  enzyme  inhibition  that  will  be  produced  by  an  inhibitor 
that  is  a  weak  acid  or  base  will  depend  on  the  buffer  capacity  of  the  cell 
interior  in  many  cases.  This  was  seen  in  the  two  extreme  cases  discussed 
previously.  In  the  completely  Iniffered  cells,  the  accumulation  of  I~  was 
much  greater  than  in  the  unbuffered  cells.  The  greater  the  buffer  capacity 
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of  a  cell,  the  more  HI  will  penetrate  and  the  greater  the  concentration  of 
I~  or  total  inhibitor  in  the  cells.  Actual  cells  are  neither  unbuffered  nor 
completely  buffered  and  so  will  respond  in  an  intermediate  fashion.  It 
would  be  very  useful  to  know  the  buffer  capacity  of  cells,  particularly 
those  commonly  used  in  inhibition  studies,  but  no  adequate  quantitative 
work  has  yet  been  done.  The  new^er  intracellular  methods  for  determining 
pH  combined  with  the  use  of  a  radioactively  labeled  or  chemically  deter- 
minable weak  acid  or  base  could  provide  this  information.  One  must  know 
how  much  H"^  has  been  released  within  the  cell  from  the  HI  that  penetrates 
before  accurate  estimates  of  the  buffer  capacity  can  be  made. 

Certainly  the  intracellular  buffer  capacity  is  not  great  because  changes  in 
pH ,  occur  rapidly  and  readily  with  alterations  of  the  activity  or  the  produc- 
tion of  injury.  The  pH,  is  particularly  sensitive  to  changes  in  COg  tension 
in  the  medium.  Caldwell  (1958)  has  found  that  Carcinus  muscle  and  Lo- 
ligo  axons  show  a  drop  in  the  pH^  of  1.1-1.3  units  within  3  min  following  the 
exposure  to  sea  water  saturated  with  CO.^  around  a  pH  of  5.  The  rapidity 
of  penetration  of  COg  accounts  for  this  sudden  fall  in  pH,.  When  the  Car- 
cinus muscle  cells  were  exposed  to  30  mM  sodium  hydrogen  phthalate 
(pHo  =  3.4),  the  drop  in  pH,  was  much  slower  (0.8  units  in  30  min.  and  1.4 
units  in  60  min)  and  with  phosphate  at  30  mM  and  pH^  =  5.7  the  changes 
were  even  slower  (0.3  units  in  100  min).  These  two  substances,  however, 
occur  at  these  pH's  mainly  in  the  singly  ionized  state  and  there  is  very  little 
of  the  undissociated  acid,  so  it  is  not  surprising  that  penetration  was  slow. 
The  effects  of  monobasic  acids  at  pH^'s  near  or  below  their  piiL^/s  would 
probably  occur  with  a  rapidity  comparable  to  the  effects  of  COj.  Although 
from  this  work  one  cannot  calculate  the  internal  buffer  capacity,  it  does 
provide  good  evidence  that  the  pH,  does  change  appreciably  when  cells 
are  exposed  to  weak  acids. 

It  is  difficult  to  calculate  the  buffer  capacity  of  cells  because  there  are 
so  many  components  capable  of  playing  a  significant  role.  Proteins  have 
rather  weak  buffering  power  from  pH  4  to  10,  but  exert  much  more  efficient 
buffering  outside  this  range.  The  inorganic  and  organic  phosphates  usually 
buffer  best  between  pH5.5  and  7.5  while  the  organic  acids  are  effective  be- 
tween pH  3.6  and  6.  There  are  many  other  substances  that  can  play  minor 
roles.  From  the  titration  curves  of  a  number  of  proteins  and  the  mean  pro- 
tein content  of  cells  (1.5  mM),  one  may  estimate  that  (?pH/fZX,  with  respect 
to  protein,  is  around  80  between  pH  4  and  10  and  110  between  pH  3  and  4. 
Assuming  the  total  intracellular  phosphate  to  be  20  mM  with  an  average 
pjfiTg  of  6.7,  d-pRjdX,  with  respect  to  phosphates,  would  vary  from  10  to 
20  in  the  pH  range  of  6  to  7.5.  Thus  the  phosphates  probably  account  for 
the  greater  portion  of  the  buffer  capacity  in  the  neighborhood  of  the  normal 
pH,.  Below  a  pH^  of  6,  dpH/dX  would  rise,  the  level  to  a  great  extent 
being  determined  by  the  concentration  of  organic  acids  in  the  cell;  since 
this  varies  widely,  all  one  can  say  is  that  dpH/dX  probably  ranges  from  20 
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to  80  in  this  range.  Below  a  pH^  of  4,  d^HldX  would  again  decrease  due  to 
the  carboxylic  groups  on  the  proteins.  It  may  well  be  that  some  of  these 
values  of  dpHjdX,  especially  for  phosphate,  are  too  low,  since  all  of  the 
ionizing  groups  may  not  be  free.  It  is  not  improbable  that  when  cells  are 
exposed  to  an  acid  solution  of  a  10  niM  weak  acid,  between  100  and  200 
raM  HA  can  enter  the  cell  and  release  the  equivalent  amount  of  H"*".  This 
would  drop  the  pH,  by  at  least  4  units  if  the  mean  dpH/dX  in  this 
range  were  40. 

Plotting  of  Equieffective  Concentrations  of  Inhibitor  Against  pH 
(Simon-Beevers  Curves) 

Now  that  certain  factors  that  may  play  a  role  in  the  pH  dependence  of 
intracellular  inhibition  have  been  discussed,  we  may  return  to  the  original 
attempt  to  formulate  these  phenomena  in  a  quantitative  fashion.  Some  in- 
formation may  be  obtained  from  plotting  the  total  external  inhibitor  con- 
centration required  to  produce  a  standard  chosen  depression  against  the 
external  pH^.  Although  this  method  of  plotting  was  not  originated  by  Si- 
mon and  Bee  vers,  they  applied  it  generally  to  the  actions  of  weak  acids 
and  bases  and  have  more  than  anyone  developed  the  theoretical  implica- 
tions (Simon  and  Beevers,   1952). 

Simon  and  Beevers  pointed  out  that  usually  the  most  easily  determined 
effect  is  a  50%  response  in  the  cells.  With  regard  to  inhibitors  this  means 
a  50%  depression  of  the  reaction  or  event  measured.  Thus  one  may  apply 
this  to  individual  enzyme  effects  or  to  a  complex  metabolic  process  or 
to  some  cellular  activity,  such  as  contraction  or  growth.  It  is  very  impor- 
tant to  determine  the  equieffective  concentrations  accurately.  For  this  pur- 
pose it  is  necessary  to  use  several  concentrations  of  the  inhibitor  that  pro- 
duce effects  both  less  and  greater  than  the  50%  reduction  at  each  pH^, 
and  to  plot  the  data  to  determine  the  intersection  of  the  curve  with  the  line 
representing  50%  reduction.  It  is  also  necessary  to  make  certain  that  the 
pHo  for  each  concentration  of  the  inhibitor  is  constant  by  determining  it 
directly. 

We  shall  assume  that  the  inhibitor  is  a  weak  acid  and  that  the  active 
form  within  the  cell  is  the  anion,  I.  It  must  also  be  assumed  for  the  present 
that  any  changes  in  pH^  will  not  alter  the  inhibition  produced  by  I.  Equa- 
tion 14-153  for  the  completely  buffered  case  can  be  rewritten  as: 


(I.).  =  (I). 


(H), 
(H)„ 


1  + 


(H), 


K„ 


Taking  the  logarithm  of  both  sides: 

log  (!,)„  =  log  (I),  -  pH,  +  pH„  +  log 


(H), 


K„ 


(14-161) 


(14-162) 
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For  a  constant  degree  of  inhibition.  (I),  must  be  constant  and  the  pH^  is 
constant  because  the  cells  are  completely  buffered.  At  pH^'s  significantly 
lower  or  higher  than  p^,  this  equation  simplifies  to: 


Low  pHo: 
High  pH,: 


log  {It)o  =  log  (I),  -  pH,  +  ipKa 
log  (I,),  =  log  (I),  -  pH,  +  pH„ 


(14-163) 
(14-164) 


A  plot  of  log  (I^)o  against  pH^  will  be  a  carve  with  zero  slope  at  low  pH^'s 
and  with  a  slope  of  +  1  at  high  pH^'s  (lower  solid  curve  in  Fig.  14-22). 
For  unbuffered  cells,  combining  Eq.  14-156  and  14-159,  neglecting  (H)^^ 
and  writing  the  result  in  terms  of  (I;)o,  we  obtain: 


at)o  =  (I); 


1  + 


(H)„ 


Putting  this  into  logarithmic  form: 

log  (I,),  =  2  log  (I),  +  pK„  +  log 


1  + 


K. 


(H), 


(14-165) 


(14-166) 


Considering  again  ranges  of  pH^  significantly  lower  or  higher  than  pK,,: 
Low  pH„:  log  (!,)„  =  2  log  (I),  +  pZ„  (14-167) 


High  pH„: 


log  (I, 


2  log  (I),  -FpH„ 


(14-168) 


Thus  again  a  plot  of  log  (I^)^  against  pHg,  with  (I)^  constant,  will  give  a 
curve  with  zero  slope  at  low  pH^'s  and  a  slope  of  +  1  at  high  pH^'s  (up- 
per solid  curve  in  Fig.  14-22). 

It  is,  therefore,  impossible  to  distinguish  between  unbuffered  or  com- 
pletely buffered  cells  by  such  plotting;  it  follows  that  intermediate  cases 
of  partial  buffering  will  also  give  curves  of  this  type.  The  buffer  capacity 
of  the  cells  will  shift  the  curves  along  the  log  (I^)o  axis,  as  seen  in  Fig. 
14-22  where  the  values  given  on  the  horizontal  portions  of  the  curves  are 
derived  from  a  hypothetical  example  in  which  (I)^  =  1  raM,  pH^o  =  6.8, 
and  K^  =  10~^  31.  If  the  sensitivity  of  the  inhibited  system  within  the  cell 
is  known,  and  the  value  of  (I)j  can  be  estimated  for  50%  inhibition,  some 
idea  of  the  buffer  capacity  may  be  obtained  from  the  height  of  the  horizontal 
portion  of  the  experimental  curve. 

In  a  similar  manner,  log  (III)^  can  be  plotted  against  pH^  for  the  pro- 
duction of  a  chosen  degree  of  inhibition.  The  equations  in  this  case  do  not 
involve  pH^: 


Completely  buffered  cells:     log  (HI),,  =  piC^  —  pH,  +  log  (I), 


(14-169) 


Unbuffered  cells: 


log  (HI)„  =  2  log  (I),  +  pZ„ 


(14-170) 
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The  curves  will  be  horizontal  over  the  entire  range  of  pHg  as  shown  in  the 
dashed  lines  of  Fig.  14-22. 

What  few  experimental  data  are  available  do  generally  conform  to  the 
theoretical  curves  but  there  are  important  deviations  from  the  expected 
behavior.  Simon- Bee  vers'  plots  for  the  depression  of  yeast  respiration  by 
four  inhibitors  are  shown  in  Fig.  14-23.  We  may  conclude  that  the  general 
theory  is  correct  and  that  HI  is  the  dominant  permeant  form  of  the  inhi- 
bitor. It  may  be  noted  also  that  the  values  of  log  (I;)^  at  low  pH^'s  would 
indicate  at  least  an  appreciable  buffering  capacity  of  the  yeast  cells  since 
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Fig.  14-22.  Simon-Beevers  plots  for  unbuffered 

and  completely  buffered  cellular  systems.  (I), 

=  1    TuM,   pH,o  =  6.8,   and  ^K^  =  5. 


the  concentrations  of  the  inhibitors  required  for  50%  inhibition  are  not 
much  higher  than  would  be  expected  from  work  in  vitro.  Simon  and  Beevers 
(1952)  produced  a  generalized  curve  from  the  data  on  all  the  weak  acids 
studied;  from  this  and  from  the  results  with  the  inhibitors  shown  in  Fig. 
14-23,  we  may  observe  certain  deviations  from  the  theoretical  curves.  The 
most  important  are:  (a)  the  mean  slope  of  the  log  (I^)o-pHo  curves  at  high 
pHp's  is  usually  less  than  unity,  and  in  the  generalized  curve  of  Simon  and 
Beevers  is  0.56,  (6)  the  log  (I^)o-pHo  curve  tends  to  level  off  at  higher  pHo's, 
usually  when  the  pH^  is  several  units  higher  than  the  pK^,  and  (c)  the 
log  (HI)o-pHo  curves  almost  invariably  develop  a  negative  slope  in  the 
pHg  range  above  ]^K^  [this  is,  of  course,  related  to  the  slope  of  less  than  unity 
in  the  log  (I^)o-pHo  curve  in  this  range  of  pHp].  Attempts  must  now  be 
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made  to  explain  these  discrepancies.  It  is  predicted  that  a  further  devia- 
tion will  be  observed  when  studies  are  carried  to  lower  pH^'s  than  pre- 
viously, namely  that  curves  in  this  region  will  fail  to  remain  horizontal. 
In  very  few  of  the  published  studies  has  the  pH^  been  reduced  much 
below  the  p^^  of  the  weak  acid  tested. 

Some  of  the  factors  that  may  modify  the  configuration  of  the  theoretical 
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Fig.  14-23.  Simon-Beevers  plots  for  the  inhibition  of  yeast  respiration  by  four 

inhibitors.  The  soUd  lines  represent  the  total  inhibitor  concentration  and  the 

dashed  lines   the   concentration   of  the  undissociated  forms  of  the  inhibitors. 

(From  Simon  and   Beevers,   1952.) 
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log  (I^)o-pHo  curves  will  be  listed  and  the  changes  in  the  curves  are  indicated 
in  Fig.  14-24. 

{A)  Depressant  effects  due  to  reduced  pH ,.  If  the  acidification  of  the  cell 
leads  to  a  depression  of  the  metabolism,  in  addition  to  the  action  of  the 
inhibitor  itself,  a  lower  concentration  of  inhibitor  than  predicted  can  be 
used  to  produce  a  chosen  inhibition.  The  effects  of  this  acidification  must 
always  be  borne  in  mind  when  the  pH,  is  near  the  -pK^  or  below.  The  total 
inhibition  under  such  circumstances  can  be  expressed  as: 


''pH 


where  i,„h  is  the  fraction  due  to  the  inhibitor  and  i 


pH 


(14-171) 

is  the  fraction  due 


to  the  fall  in  pH,.  The  fraction  i^^  is  not  corrected  for  by  running  a  con- 
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Fig.   14-24.  Illustration  of  the  ways  in  which 

Simon-Beevers   curves   can   be  modified  from 

the  theoretical.  The  letters  correspond  to  the 

factors  discussed   in   the   text. 


trol  at  the  lowered  pH^  because  the  drop  in  pH^  is  due  to  the  presence  and 
penetration  of  the  inhibitor.  The  fact  that  weak  acids  damage  and  kill 
the  cells  when  the  pH^  is  lowered,  independently  of  whether  the  acids  are 
specifically  toxic  or  not,  indicates  the  importance  of  this  pH  effect.  In 
fact,  one  possible  control  to  test  the  occurrence  of  this  pH  effect  would 
be  to  use  a  noninliibitory  acid  that  is  comparable  to  the  inhibitor  in  other 
ways,  such  as  piii,,.  This  factor  need  not  produce  a  distortion  of  the  shape 
of  the  log  (I,)o-pHo  curve  but  may  only  lower  the  horizontal  portion. 

{B)  Tlie  anion  cdso  exerts  effects.  If  the  anion  contributes  to  the  inhibition 
in  any  way  —  it  may  not  penetrate  but  act  on  the  cell  surface  —  the  curve 
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will  consist  of  two  major  portions,  on  the  acid  side  of  the  piC^  the  action  of 
HI  will  be  represented  and  on  the  alkaline  side  the  action  of  I~,  these  being 
connected  near  the  pK^.  Since  the  anion  will  often  exert  much  less  effect, 
its  part  of  the  curve  will  be  higher  than  the  HI  portion.  This  cannot  explain 
the  leveling  off  of  the  majority  of  the  experimental  curves  because  this 
occurs  several  units  above  the  \)K^,  whereas  the  effect  of  I~  would  be  near 
maximal  one  unit  above  the  pi^^. 

(C)  The  membrane  is  somewhat  permeable  to  the  anion.  Whether  or  not 
this  will  produce  a  change  in  the  alkaline  side  of  the  curve,  it  will  alter  the 
acid  portion  because  (I)^  will  not  rise  as  high  as  if  the  anion  were  trapped 
in  the  cell.  The  lower  the  pH^,  the  smaller  is  (I)^,  the  more  readily  will 
the  anion  escape  from  the  cell  and  the  lower  will  be  its  equilibrium  con- 
centration within  the  cell. 

(D)  The  permeability  to  the  anion  becomes  appreciable  only  at  high  pHg. 
If  the  anion  could  penetrate  into  the  cells  progressively  better  at  higher 
pHo's,  a  lower  concentration  of  the  inhibitor  would  be  required  and  the 
slope  of  the  right-hand  portion  of  the  curve  would  decrease.  There  would 
seem  to  be  no  evidence  for  such  a  phenomenon  and,  in  fact,  one  would 
predict  that  the  permeability  to  anions  might  well  decrease  at  higher  pH^'s 
because  the  membrane  would  become  charged  more  negatively. 

{E)  Intracellular  inhibition  varies  ivith  pH ^.  In  the  calculations  above, 
it  was  assumed  that  the  effect  of  the  anion  within  the  cell  was  independent 
of  pHj.  How^ever,  from  what  has  been  discussed  earlier  in  the  chapter,  it 
is  likely  that  a  fall  in  pH^  will  modify  the  inhibition,  first  increasing  it 
(due  to  a  greater  net  positive  charge  on  the  enzyme  or  active  center)  and 
then  decreasing  it  (due  to  the  reduction  in  the  concentration  of  I~).  We 
are  concerned  with  the  former  effect  and  this  may  cause  a  dropping  off 
of  the  low  pH  portion  of  the  curve. 

{F)  Lowering  of  pHi  by  buffer  penetration  leads  to  altered  metabolism. 
When  the  external  medium  contains  buffers,  the  buffers  in  the  undissociated 
form  may  penetrate  into  the  cell  when  the  pH^  is  lowered  and  cause  an 
acidification  of  the  cell.  This  may  in  turn  so  alter  the  metabolism  that  its 
sensitivity  to  the  inhibitor  will  change.  In  other  words,  the  sensitivity  of 
the  metabolic  systems  to  the  inhibitor  will  vary  with  pH^  independently 
of  the  presence  of  the  inhibitor.  This  may  lead  to  deflections  of  the  low  pH 
portion  of  the  curve  either  upwards  or  downwards,  depending  on  whether 
the  metabolism  has  been  made  less  or  more  sensitive  to  the  inhibitor. 

(G)  Change  of  pH^^  produces  a  change,  other  than  ionization,  in  the  inhibitor. 
Various  properties  of  the  inhibitor  may  be  changed  when  the  pH  is  altered 
from  the  normal  physiological  range.  The  inhibitor  may  be  made  more  or 
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less  permeant,  or  more  or  less  reactive.  The  inhibition  of  certain  enzymes  by 
hydroquinone  deiDends  on  the  pH  because  the  equilibrium  between  hydro- 
quinone  and  p-benzoquinone  is  sensitive  to  the  pH.  It  is  the  p-benzoqui- 
none  that  is  active  and  hydroquinone  is  oxidized  rapidly  only  in  the  pH 
range  near  neutrality  or  above.  Thus  hydroquinone  is  rather  inactive  at 
a  pH  of  5  (Potter,  1942)  but  active  at  pH  7.4  by  virtue  of  its  rapid  oxidation. 
Changes  in  structure,  reaction  with  other  components  in  the  medium, 
dimerization,  and  alteration  in  general  stability  can  all  be  brought  about 
by  variations  in  the  pH  and  such  factors  can  be  important  in  the  inhibition. 
The  slope  of  any  part  of  the  log  (I,)o-pHo  curve  may  be  modified  because 
the  changes  can  occur  at  any  pH^  and  can  be  either  to  increase  or  decrease 
the  inhibitory  potency. 

The  deviation  of  the  high  pH  portion  of  the  curve  from  a  unit  slope  is 
the  most  difficult  to  understand.  Actually,  there  is  much  variation  between 
the  different  weak  acids.  For  the  inhibitors  in  Fig.  14-23,  the  slopes  of  the 
linear  sections  of  the  curves  are:  fluoride,  1.1;  azide,  0.75;  dinitro-o-cresol, 
0.73;  and  iodoacetate,  0.47.  The  only  reasonable  explanation  is  to  attri- 
bute a  slope  of  less  than  one  to  some  action  of  the  anion.  However,  the  anion 
concentration  in  the  medium  remains  essentially  constant  as  the  pHo 
rises  above  p£^^  +  2.  An  increased  penetration  or  effect  of  the  anion  as 
I  he  ijHq  increases  would  explain  the  curves  but  would  seem  unlikely.  The 
yeast  cell  might  be  considered  as  abnormal  in  view  of  its  relatively  large 
"extracellular"  metabolic  space,  but  slopes  of  less  than  unity  have  been 
observed  in  a  wide  variety  of  cells  (Simon  and  Beevers,  1952).  It  may  be 
noted  that  the  same  phenomenon  is  seen  in  the  actions  of  weak  bases, 
such  as  phenylhydrazine,  except  that  the  slope  is  now  less  than  one  in 
the  low  pH  portion  of  the  curve.  Thus  it  is  not  confined  to  the  alkaline 
range  of  pH^.  Because  the  slopes  are  different  with  the  various  weak  acids 
tested  on  the  same  type  of  cell,  it  must  be  an  effect  related  to  the  properties 
of  the  active  substance  and  not  entirely  dependent  on  the  cell  response.  The 
low  slope  of  the  iodoacetate  curve  could  be  explained  on  the  basis  of  a  rise 
in  the  rate  of  reaction  with  SH  groups  at  or  near  the  cell  surface  as  the 
pHp  increases,  but  this  would  not  hold  for  the  other  substances.  The  an- 
swer must  await  further  work  on  a  greater  variety  of  substances  and  cells, 
and  particularly  more  investigations  of  the  penetration  of  inhibitors  in  the 
higher  pH^,  range. 

Potent  and  Weak  Inhibitors 

The  buffer  capacity  of  a  cell  has  been  shown  to  be  an  important  factor 
in  determining  the  degree  of  inhibition  produced  by  an  ionizing  inhibitor. 
It  was  also  pointed  out  that  actual  cells  are  partially  buffered  and  would 
be  expected  to  behave  in  a  fashion  intermediate  between  the  unbuffered  and 
the  completely  buffered  ceUs  for  which  equations  expressing  the  distribu- 
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tion  of  inhibitor  were  derived.  The  problem  of  an  unknown  buffer  capacity 
can  sometimes  be  circumvented  when  potent  inhibitors  are  used.  If  a  sub- 
stance is  a  very  active  inhibitor,  the  concentration  in  the  medium  need 
not  be  high  to  produce  satisfactory  inhibition  and  hence  only  a  small 
amount  of  the  uncharged  form  will  penetrate  into  the  cell.  In  such  cases, 
the  pH,  would  be  changed  very  little  even  though  the  buffering  was  only 
partial.  It  may,  therefore,  be  assumed  that  the  cells  are  completely  buffered 
when  sufficiently  potent  inhibitors  are  used. 

What  is  the  maximum  concentration  of  inhibitor  that  can  be  used  without 
changing  the  internal  pH,  significantly?  Let  us  require  that  pH,  change 
not  more  than  0.2  pH  unit  and  that  dpHldX  =  15  near  the  normal  pH^  of 
the  cell.  Less  than  13  mM  HI  must  enter  the  cell  on  this  basis.  Since  in 
the  low  pHp  range  the  maximal  concentration  of  H+  released  by  HI  within 
the  cell  is  nearly  sixty-five  times  the  external  inhibitor  concentration,  it 
follows  that  the  maximal  allowable  inhibitor  concentration  in  the  medium 
is  0.2  mM.  Let  us  then  define  a  potent  inhibitor  in  this  connection  as  one 
requiring  less  than  0.1  mM  concentration  to  produce  appreciable  inhibition 
within  cells,  providing  a  margin  of  safety  for  those  cells  whose  buffer 
capacity  may  be  less  than  the  assumed  value.  Since  around  neutrality, 
(I),  is  approximately  equivalent  to  (I,),,  (see  Fig.  14-16),  the  inhibition  must 
be  characterized  by  a  K,  of  less  than  10~^  M.  On  the  other  hand,  a  very 
weak  inhibitor  for  which  the  external  concentration  must  be  10  mM  or 
over  can  be  treated  as  conforming  roughly  to  the  unbuffered  situation, 
especially  in  the  low  pH^  range. 

Relation  between  the  Inflections  of  Inhibition  Curves  and  the  pK^ 

There  are  two  common  ways  of  plotting  the  pH  dependence  of  cellular 
inhibition:  the  direct  plot  of  the  degree  of  inhibition  against  pH^  (the 
t'-pH^  plot)  and  the  plot  of  equieffective  inhibitor  concentrations  against 
pH^  [the  log  (I^)o-pHq  plot].  The  inflections  of  the  latter  curves  will  always 
occur  at  pH^,  values  corresi^onding  to  the  pK^'s  of  the  inhibitors.  However, 
this  is  not  necessarily  true  for  the  ^-pH^  type  of  plot.  It  has  occasionally 
been  assumed  by  investigators  that  the  midpoint  of  an  i-pHo  curve  should 
give  the  pK^  of  the  inhibitor  and  some  concern  has  been  expressed  when 
the  inflection  does  not  coincide  with  a  known  p^^.  The  pH^  at  which  the 
midpoint  of  the  inflection  occurs  is  actually  dependent  on  the  concentra- 
tion of  the  inhibitor  in  the  medium.  Inhibition  is  plotted  against  pH^ 
in  Fig.  14-25  for  a  potent  inhibitor  so  that  variations  in  pH,  can  be  neglected. 
It  is  seen  that  the  inflection  midpoints  are  shifted  to  higher  pH^  values 
when  the  inhibitor  concentration  is  raised.  The  inflection  occurs  near  the 
pK^  only  at  the  lowest  concentrations  of  inhibitor. 
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Relation    between    Inhibitory   Activity   and    the    pK^ 

When  a  series  of  inhibitors  is  tested  on  a  system  at  constant  pH^,  the 
problem  of  how  to  compare  the  true  potencies  arises,  and,  just  as  in  the 
study  of  isolated  enzymes,  the  pH  factor  must  be  taken  into  account.  An 
attempt  is  often  made  to  relate  the  different  degrees  of  inhibition  to  the 
\)K,,'s  of  the  substances  tested.  The  validity  of  this  procedure  must  now  be 
examined.  Let  us  assume  that  several  inhibitors  have  been  tested  at  the 
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Fig.  14-25.  Variation  of  the  inflection  points  of  i — pH^  curves  with 

the  concentration  of  a  potent  inhibitor.  X,  =  0.01   m3I,  K^  =  10"^, 

and  pH,  =  6.8. 


same  concentration  in  the  medium  and  that  a  range  of  inhibitions  has  been 
found.  The  intracellular  concentrations  of  the  inhibitors  may  be  related 
to  their  p.K'g's  by  rewriting  Eq.  14-162: 

(H), 


log  (I),  =  log  (I,),  +  pH,  -  pH„  -  log 


1  + 


Ka     J 


(14-172) 


For  pA^a's  significantly  less  or  more  than  pH^,  this  simplifies  to: 
Low  vKa.  log  (I),  =  log  {L)„  +  pH,  -  pH,  (14-173) 

High  vK,:  log  (I),  =  log  (h),  +  pH,  -  vKa  (14-174) 
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Therefore,  the  curve  obtained  when  log  (I),  is  plotted  against  i^K^  will 
have  a  zero  slope  at  low  values  of  the  i>K^  and  a  slope  of  —  1  when  the 
piiL^/s  are  above  pH^.  A  plot  of  the  inhibition  against  p^^  will  also  have  a 
zero  slope  in  the  low  ]-)K^  range  but  the  curve  at  high  y>K,/s  will  have  a 
sigmoid  configuration  because  the  inhibition  is  not  proportional  to  log  (I)^. 
A  typical  i-^K^  curve  is  shown  in  Fig.  14-26.  It  will  be  observed  that  the 
inhibition  will  not  be  related  to  the  p^^  of  the  inhibitor  if  the  values  of 


Fig.  14-26.  Variation  of  the  inliibition  with 
the  ipKa  for  weak  acid  inhibitors  whenall  inhi- 
bitors are  used  at  the  same  total  concentra- 
tion and  external  pH  (Eq.  14-172  and  non- 
competitive  inliibition). 

pK,^  are  much  lower  than  the  pH^.  In  other  words,  if  pH^  =  7.4,  all  inhi- 
bitors with  piiL,/s  of  6  or  less  will  produce  the  same  inhibition.  In  the  range 
of  higher  piiC,/s  the  inhibition  will  be  related  to  piiC,,  in  a  complex  manner. 
The  most  practical  way  to  determine  whether  the  differences  in  inhibi- 
tion observed  are  related  only  to  the  differences  in  piiC^  is  to  solve  Eq. 
14-174  for  the  log  (I);  that  corresponds  to  each  ]iK^  and  then  to  see  if  the 
inhibitions  conform  to  the  usual  equation  expressing  i  in  terms  of  (I).  The 
comparison  between  inhibitors  would  be  much  more  accurate  and  reliable 
if  a  simple  pH  curve  for  each  were  obtained. 


Determination  of  K/  from  Cellular  Inhibition 

Nonionizing  inhibitors  that  penetrate  into  cells  readily  and  reach  an 
intracellular  concentration  which  is  equivalent  to  the  external  concentra- 
tion may  produce  inhibitions  which  are  quantitatively  quite  comparable 
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to  those  observed  on  the  isolated  enzymes.  The  calculation  of  ^^  in  such 
cases  may  sometimes  be  done  by  the  usual  graphical  procedures.  However, 
the  true  K^  cannot  be  determined  if  the  inhibitor  is  a  weak  acid  or  base, 
unless  the  concentrations  of  inhibitor  within  the  cell  can  be  determined 
directly.  It  is  clear  that  it  is  under  only  special  conditions  that  (I)^  =  {l,)^, 
namely  when  pH^  =  pH^  for  completely  buffered  cells  or  when  the  pH^ 
is  very  low  for  unbuffered  cells  (see  Fig.  14-16  and  14-17).  In  the  latter 
case,  the  pH^  will  have  altered  sufficiently  so  that  any  K^  determined  will 
relate  only  to  the  inhibition  at  this  abnormal  pH.  Furthermore,  under  the 
best  conditions,  the  inhibitor  constant  that  is  obtained  will  always  be  the 
apparent  one,  namely  K- ,  defined  earlier  in  this  chapter.  If  cellular  inhi- 
bition data  are  plotted  by  one  of  the  usual  methods  that  have  been  de- 
veloped for  isolated  enzymes,  the  curves  may  superficially  resemble  those 
obtained  in  vitro,  but  the  constants  calculated  from  the  slopes  or  intercepts 
will  have  no  predictable  relationship  to  the  true  constants  of  the  inhibition. 
It  follows  from  this  that  a  comparison  of  inhibitor  potencies  using  con- 
stants determined  in  this  way  must  be  unreliable.  Such  apparent  con- 
stants may  be  useful  in  characterizing  inhibitions  and  providing  quanti- 
tative descriptions  of  the  behavior,  but  they  should  not  be  construed  as 
expressing  the  affinity  of  the  affected  enzyme  for  the  inhibitor. 

In  certain  cases,  the  calculation  of  K^  from  data  on  cellular  inhibition, 
without  too  great  an  error,  is  possible.  An  inhibition  that  is  noncompetitive 
and  potent  (so  that  the  pH^  will  not  change  appreciably)  will  depend  on 
the  total  external  concentration  of  inhibitor  in  the  following  manner: 

^^'^^  (14-175) 


a^  ^K   ^^^' 

^^'^'^^'-m. 


1  +  («^' 


K. 


Thus  the  experimentally  determined  K-  will  be  related  to  the  true  iT,  in  a 
simple  manner.  The  relation  for  unbuffered  cells  is  not  simple  and  in  cases 
of  competitive  inhibition,  the  ionization  and  penetration  of  the  substrate 
must  also  be  considered. 

Depletion  of  Inhibitor  from  the  Extracellular  Medium 

Cellular  inhibition  by  inhibitors  that  are  weak  acids  or  bases  and  the 
pH  dependence  of  this  inhibition  are  modified  when  the  total  concentration 
of  the  inhibitor  in  the  external  medium  is  reduced  as  a  result  of  the  pene- 
tration into  the  cells  or  to  the  binding  of  the  inhibitor  there.  Cowles  and 
Klotz  (1948)  considered  this  factor  in  nitrophenol  bacteriostasis  and  con- 
cluded that  it  would  alter  the  curves  resulting  from  plotting  log  (I^)^ 
against  pH^,  accounting  for  the  observed  slopes  of  less  than  one.  Since 
the  depletion  of  external  inhibitor  could  easily  occur  under  many  experi- 
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mental  conditions,  it  will  be  necessary  to  extend  the  previous  treatment 
to  such  situations.  The  factors  that  would  favor  depletion  are:  a  high 
ratio  of  the  cell  or  tissue  volume  to  the  volume  of  the  medium,  a  low  K^ 
so  that  small  concentrations  of  the  inhibitor  are  used,  the  binding  of  the 
inhibitor  to  nonenzymic  components  of  the  cells,  a  pH^  favoring  large  pen- 
etrations of  the  inhibitor,  and  a  high  buffering  capacity  of  the  cells,  which 
also  favors  penetration  of  larger  total  amounts  of  inhibitor.  There  are  var- 
ious situations,  depending  on  the  cause  of  the  depletion,  that  may  be  ana- 
lyzed. 

Case  I:  depletion  is  caused  by  penetration  into  the  cell  and  not  to  binding. 
This  is  represented  by  diagram  14-150  and  Eqs.  14-151  to  14-155  remain 
valid;  however,  (I;)^  does  not  now  remain  constant.  The  cellular  fraction 
of  the  total  reaction  volume  will  be  represented  by  n  and  thus  the  fraction 
that  the  medium  occupies  is  1  —  n.  The  convention  will  be  adopted  of 
enclosing  over-all  concentrations  in  brackets;  thus  the  concentration  of 
inhibitor  in  the  total  volume  of  medium  and  cells  is  [I  J.  The  initial  con- 
centration of  the  inhibitor  in  the  medium,  before  penetration  into  the  cells 
has  occurred,  is  [IJ/(1  —  n),  so  that  the  over-all  concentration  and  initial 
concentration  can  be  easily  interconverted;  it  is,  however,  easier  in  some 
respects  to  use  thei  over-aU  concentrations  in  expressing  the  behavior. 

The  over-aU  concentration  in  terms  of  external  and  internal  concentra- 
tions is  given  by: 

[/,]  =  n(hh  +  (1  -  n){h)o  (14-176) 

and  in  terms  of  (I)(,  which  is  assumed  to  represent  the  active  form,  by: 


[I.]  =  ah 


(H),  (H), 

n  H == h  (1  —  n) 


(14-177) 


Ka  ^  (H)o 

Let  us  examine  how  this  depletion  will  affect  a  plot  of  log  [I,]  against  pHg. 

(H), 


Low  pH,,:  log  [L]  =  log  (I),  +  log 


n 


(14-178) 


High  pH,:        log  [L]  =  log  (1),  +  log  (1  -  n)  -  pH,  +  pH,  (14-179) 

In  the  low  pH^  range  the  slope  will  be  zero  and  in  the  high  pH^  range  the 
slope  will  be  +  1.  However,  the  intermediate  region  will  be  affected  by  the 
depletion  and  the  inflection  between  slopes  will  occur  at  a  pH^  different 
from  pKfj.  Such  plots  for  different  values  of  n  are  shown  in  Fig.  14-27. 
As  the  relative  volume  of  the  cells  increases,  the  over-all  concentration  of 
the  inhibitor  must  become  larger  to  produce  the  same  degree  of  inhibition, 
which  one  would  expect  on  the  basis  of  depletion  from  the  medium.  Also, 
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as  n  becomes  larger,  the  inflection  shifts  to  higher  vahies  of  pH^.  The  slopes 
in  the  high  pH^  range,  however,  are  always  +  1. 

Case  II:  depletion  is  caused  by  penetration  into  the  cell  and  to  binding  to 
nonenzymic  material.  If  it  is  assumed  that  the  ionic  form  binds  to  some 
cell  component,  a  new  equilibrium  must  be  introduced: 


Ho  +  lo  :;^  HIo 


pH 

^  HI, 

^  H, 

+  1. 

I, 

+  P. 

;^  PI, 

(14-180) 


Fig.   14-27.    Effect  of  tlie  depletion  of  the  inhibitor  due  to  its  penetration  into  the 

cells  (Eq.  14-177)  for  different  values  of  n,  the  cellular  fraction  of  the  total  reaction 

volume.  A'„  =  10-^  (H),-  =  1.6  x  10"'  M,  and  (I),  =  1  mM. 

The  expression  for  I^  now  has  an  additional  term: 


[I.)  =  (I), 


(H),  (H), 

n  H h  (1  -  n) 


n{-Pt)i 


K„ 


(H),         (I),  +  K, 


(14-181) 
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The  log  [I  J-pHo  curves  will  be  similar  to  those  in  Fig.  14-27  but  the  effect 
of  the  binding  will  be  to  raise  the  necessary  inhibitor  concentration  in  the 
low  pHg  range  and  to  shift  the  inflections  further  to  the  right.  The  slopes 
in  the  high  pH^  range  will  remain  +  1. 

Case  III:  depletion  is  caused  by  penetration  into  the  cell  and  to  combi^iation 
with  the  enzyme.  We  can  simply  replace  P  by  E  and  K^  by  K^  in  the  equa- 
tion above.  However,  now  we  wish  to  find  the  over-all  concentrations  of 
the  inhibitor  that  will  maintain  the  inhibition  constant  at  different  values 
of  pHg.  Equation  14-181  may  be  rewritten  as: 


[I,]  =  m(E,),  +  (I),    \n  +  -^-1^  +  (1  -  n)    ^^^' 


Ka        '     '  '     (H), 


(14-182) 


where  the  niCEi)^  term  represents  the  effect  of  the  binding  to  the  enzyme 
and  the  other  term,  as  in  Eq.  14-177,  represents  the  penetration  into  the 
ceUs.  Of  course,  (I)^  may  be  substituted  by  iKJ{l  —  i)  for  noncompetitive 
inhibition.  The  log  [I  J  —  pH^  curves  will  be  similar  to  those  for  the  other 
cases. 

It  is  clear  that  the  depletion  of  inhibitor  from  the  medium,  from  what- 
ever cause,  does  not  change  the  slope  in  the  high  pH^  range  from  +  1. 
The  reason  for  this  is  that  at  a  high  pH^  very  little  HI  is  present  and  the 
amount  of  inhibitor  entering  the  cell  is  so  small  that  depletion  is  minimized 
or  abolished  (see  Fig.  14-16).  These  conclusions  are  thus  in  disagreement 
with  those  of  Cowles  and  Klotz  (1948),  who  stated  that  such  depletion 
would  decrease  the  slope  in  the  high  pH^  range.  However,  their  equations 
would  actually  lead  to  a  slope  of  +  1  at  high  pH^,  and  agree  with  those  giv- 
en above.  Their  expression  for  the  slope: 

^'""^  =  K.  +  (H)S  +  iPm  '"■^''' 

where  P  and  k  are  parameters  related  to  the  binding,  would  provide  a  slope 
of  +  1  when  (H),,  became  sufficiently  low.  The  1  +  {Pjk)  factor  only  shifts 
the  inflection  to  higher  pH^'s,  just  as  described  for  the  three  cases  treated 
in  this  section.  Therefore,  one  cannot  explain  the  deviation  of  the  slope  by 
the  phenomenon  of  inhibitor  depletion.  Nevertheless,  the  effects  of  deple- 
tion are  interesting  and  important  in  other  respects. 

Inhibitors  That  Are   Dibasic  Acids 

Singly  ionizing  inhibitors  have  been  treated  for  convenience  and  the 
extension  to  doubly  ionizing  inhibitors  is  straightforward.  If  only  the  H2I 
form  can  penetrate  into  the  cells: 

(HJ)„  =  (HJ),  (14-184) 
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(I).  (H): 


(Do  (H)^ 


ihh  =  (I). 


(H): 


(H):         ^  K."    ^  K^'K. 


(14-185) 


(14-186) 


If  the  I,  or  doubly  charged  ion,  is  assumed  to  be  the  active  inhibitor,  a 
plot  of  log  (I^)o  against  pH^  will  have  the  following  characteristics: 

Low  pH„:  log  (I,),,  -  log  (I),  -  2pH,  +  p^,'  +  pZ„"         (14-187) 

Intermediate  pH„:    log  (!,)„  =  log  (I),  -  2pH,  +  P^a"  +  pH^  (14-188) 

High  pH„:  log  (I,)„  =  log  (I),  -  2pH,  -f  2pH<,  (14-189) 

As  the  pHg  increases,   the  slope  will  change  from  zero,  through  +  1  to 
-f  2.  If  HI  is  the  active  inhibitor: 


(I.)o  =  (I). 


(H)« 


1  + 


(H), 
K' 


+ 


(H)J 


(14-190) 


and  the  log  (I;)o  —  pH^  plot  will  show  the  same  slopes  as  when  I  is  the 
inhibitor.  From  this  type  of  plot  it  is  impossible  to  determine  the  active 
form  of  the  inhibitor  within  the  cells.  If  both  Hgl  and  HI  penetrate  into 
the  cells,  the  inhibitor  will  behave  as  if  it  were  monobasic  with  a  p^^  equal 
to  the  vKJ'  of  the  dibasic  acid.  It  may  be  noted  that  if  pK^  and  p^a" 
are  close  together,  the  slope  will  change  from  zero  to  +  2  without  any  in- 
termediate slope  of  -f  1,  as  long  as  only  the  Hgl  form  penetrates. 


Intracellular  Competitive   Inhibition 

If  both  the  substrate  and  the  inhibitor  are  introduced  into  the  medium 
and  both  are  weak  acids  or  bases,  the  competitive  inhibition  on  an  enzyme 
within  the  cells  will  depend  upon  the  intracellular  concentrations  of  S  and 
I,  and  hence  upon  the  degrees  to  which  they  penetrate.  The  usual  expres- 
sion for  the  inhibition  may  be  written: 


at)o 


{h)o  +  K,' 


1  + 


K 


V  J 


(14-191) 


VARIATION   OF  INTRACELLULAR   INHIBITION  WITH  pH  743 

where  the  apparent  substrate  and  inhibitor  constants  are  related  to  the 
true  constants  as  follows: 


Ki'  =  Ki 


KJ  =  K, 


(H), 
(H)„ 

(H), 
(H)„ 


1  + 


(H), 


(H)„ 


Ka. 


(14-192) 


(14-193) 


When  the  internal  pH^  does  not  change,  an  experiment  performed  at  a 
certain  external  pH^,  using  different  concentrations  of  substrate  and  inhi- 
bitor, will  give  results  comparable  to  competitive  inhibition  on  isolated 
enzymes.  However,  the  constants  determined  by  graphical  methods  will 
be  pH-dependent  in  the  manner  given  above.  When  piiC^^  and  ])K^.  differ 
by  a  significant  amount,  the  behavior  is  somewhat  abnormal.  Let  us  as- 
sume that  pK^  <  pK^  .  In  the  pH^  range  below  i:>K^.,  both  the  substrate 
and  the  inhibitor  will  penetrate  readily,  but  if  the  pH^  is  raised  above  ipK^ . 
but  is  still  lower  than  p^^  ,  the  inhibitor  will  penetrate  less  readily  while 
the  substrate  will  enter  readily,  so  that  the  inhibition  will  fall  in  the  expected 
way;  however,  when  the  pH^  is  raised  to  1>K^^,  the  substrate  will  cease  to 
penetrate  readily  and  the  inhibition  may  not  be  decreased  as  much  as  ex- 
pected. If  pK^  <  piCg .,  as  the  pH^  is  raised  above  pK^  ,  the  substrate  will 
not  enter  readily  and  the  inhibition  may  actually  increase  until  pH^  ap- 
proaches P-fiC^..  The  behavior  of  an  hypothetical  system  where  p^^  =  4 
and  pK^.  =  6  is  shown  in  Fig.  14-28  and  the  effect  of  substrate  exclusion 
between  pH^'s  4  and  6  is  clearly  evident  in  the  rise  in  the  inhibition. 

Complex  Effects  of  pH  on  Cellular  Inhibition 

Effects  of  changes  in  pH^  not  described  or  predicted  by  the  simple  treat- 
ment given  in  this  chapter  should  be  expected  occasionally.  For  one  thing, 
most  inhibitions  are  not  specific.  The  changes  of  over-all  metabolism  or 
function  that  are  measured  may  depend  on  actions  of  the  inhibitor  on  sev- 
eral different  systems,  each  with  its  particular  j^H  dependence.  Even 
though  the  inhibition  of  each  intracellular  enzyme  follows  the  predicted 
behavior,  the  process  measured  may  respond  in  quite  a  different  manner. 
The  presence  of  multienzyme  systems  in  most  of  the  important  areas  of 
metabolism  also  must  make  cellular  inhibition  pH^  dependence  more  com- 
plex in  many  instances.  Furthermore,  we  have  not  considered  quantita- 
tively in  this  chapter  the  possible  effects  of  the  inhibition  on  the  perme- 
ability properties  of  the  cell  membrane.  It  is  quite  possible  that  metabolic 
depression  would  lead  to  an  increased  permeability  to  the  ionic  forms  of 
the  inhibitor  and  alter  the  pH  relations.  One  may  imagine  many  factors 
that  would  lead  to  deviation  of  the  behavior  from  that  described  by  the 
basic  equations. 


744 


14.  EFFECTS  OF  pH  ON  ENZYME  INHIBITION 


The  inhibition  of  bioluminescence  in  Achromobacter  by  2-methyl-l,4- 
naphthoqiiinone  (menadione)  shows  a  characteristic  variation  from  what 
would  be  expected  on  the  basis  of  a  simple  ionization  (Fig.  14-29)  (McElroy 
and  Kipnis,  1947).  Although  more  experimental  points  might  be  desired, 
it  would  appear  that  there  is  a  rather  sudden  break  in  the  curve  at  com- 
plete inhibition.  The  cause  for  this  is  not  known.  In  such  cases,  one  possi- 


FiG.  14-28.  Variation  of  intracellular  competitive  inhibition  with  the 

external  pH  (Eq.  14-191).  (!;)„  =  1  mif,  (S^),  =  0.1  mM,  iv,-  ==  1  mM, 

K,  =  10  mM,  K^   =  10-8,  and  K^   =  10-«. 


bility  comes  to  mind.  If  the  metabolism  or  function  is  active  in  proportion 
to  the  concentration  of  some  enzyme,  or  some  product  of  an  enzyme 
reaction,  but  exhibits  a  threshold,  below  which  the  process  fails,  the  type 
of  curve  in  Fig.  14-29  might  be  expected.  The  curve  from  zero  to  complete 
inhibition  may  be  part  of  a  full  sigmoid  curve  representing  the  inhibition 
of  an  enzyme  system.  When  a  certain  inhibition  has  been  reached,  the  pro- 
cess that  depends  on  this  enzyme  will  fail.  Looked  at  in  another  way,  below 
a  threshold  pH^  the  metabolic  process  cannot  operate  because  the  inhi- 
bition on  an  enzyme  is  greater  than  the  maximal  inhibition  allowable  for 
the  process  to  occur.  But  as  the  pH^  is  increased,  when  the  required  amount 
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of  enzyme  or  product  becomes  available,  the  process  will  begin  to  operate, 
and  as  the  pH^  is  further  increased  the  enzyme  concentration  rises  rapidly, 
so  that  the  inhibition  on  the  measured  process  falls  precipitously.  From  a 
more  general  standpoint,  the  existence  of  critical  thresholds  in  cell  me- 
tabolism must  be  accepted.  Up  to  a  certain  point  the  coordinated  reactions 
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FiG.  14-29.  Variation    of   the    inhibition    of  bioluminescence    in 

Achromobacter    by    2-methyl-l,4-napthoquinone    with    the    pH. 

(From    McElroy   and   Kipnis,    1947.) 


can  maintain  their  functional  relationship,  but  beyond  this  point  the  system 
may  not  only  cease  to  operate  but  may  also  disintegrate  in  the  sense  of 
losing  irreversibly  its  organization  or  necessary  components.  Cyclical  or 
regenerative  systems  are  especially  prone  to  show  such  critical  operation 
levels. 


CHAPTER  15 

EFFECTS  OF  VARIOUS    FACTORS 
ON   INHIBITION 


The  characteristics  of  enzyme  inhibitions  can  usually  be  modified  by 
many  factors  and  some  of  these  changes  may  provide  interesting  information 
on  the  nature  of  the  molecular  processes  occurring  in  the  interaction  of  the 
enzyme  with  the  inhibitor.  We  have  already  treated  the  effects  of  changes 
in  the  concentrations  of  the  reaction  components  (enzyme,  substrate,  acti- 
vator, or  coenzyme)  and  of  changes  in  pH.  Four  other  factors  are  of  partic- 
ular importance  —  temperature,  pressure,  dielectric  constant,  and  ionic 
strength  —  and  this  chapter  will  be  mainly  concerned  with  these.  The  re- 
sponses of  inhibition  to  changes  in  these  properties  of  the  system  often  make 
it  possible  to  determine  important  constants  that  characterize  the  inhi- 
bition and  give  some  insight  into  the  mechanisms  involved.  Other  means 
may  be  used  to  alter  the  state  of  the  system  —  as  to  bombard  it  with  various 
types  of  radiation,  or  to  vary  the  redox  equilibrium  of  the  enzyme,  or  to 
use  different  buffers  —  but  these  are  not  so  apt  to  enlarge  our  knowledge 
of  the  fundamental  nature  of  the  inhibitions. 

EFFECTS   OF  TEMPERATURE:   ENZYMES 

The  primary  aim  of  investigations  on  the  temperature  dependence  of 
enzyme  inhibition  is  the  determination  of  certain  thermodynamic  quan- 
tities, such  as  the  enthalpy  and  entropy  changes,  associated  with  the  for- 
mation of  the  EI  complex,  and  through  these  quantities  to  visualize  more 
accurately  the  energy  pathway  followed  by  the  reaction.  There  is  also  a 
practical  side  in  certain  thermal  studies.  The  actions  of  insecticides  that 
are  enzyme  inhibitors  on  agriculturally  important  insects  depend  on  tem- 
perature and  this  aspect  of  the  problem  is  a  major  factor  in  the  eradication 
of  pests  and  their  possible  development  of  resistance  to  the  agents.  Also 
the  actions  of  drugs  that  interfere  with  metabolism  may  vary  in  potency 
during  states  of  fever  or  hypothermia.  Very  few  thorough  studies  on  the 
variation  of  inhibition  with  temperature  have  been  reported  but  enough 
has  been  done  in  certain  restricted  fields  to  indicate  the  interesting  results 
that  may  be  obtained. 
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General   Effects  of  Temperature  on   Dissociation  Constants 

Temperature  changes  will  alter  enzyme  reactions  or  inhibitions  by  changing 
the  rate  constants  of  each  step;  for  example,  the  k^  and  k_-i^  for  the  formation 

E+S;i±ES^E  +  P  (15-1) 

k 

E  +  I  ^  EI  Ki=  k^.jk,  (15-2) 

and  dissociation  of  the  ES  or  EI  complexes,  and  the  A^g  (or  any  additional 
rate  constants)  for  the  breakdown  of  the  ES  complex  into  products.  The 
resultant  of  the  effects  on  k^  and  k_-^  is  manifested  by  a  change  in  the  sub- 
strate or  inhibitor  constants,  K^  or  K^.  The  Michaelis-Menten  constant, 
Kj,^  =  {k_^  +  k^jlk^  may  be  changed  in  a  more  complex  fashion.  The  rate 
constants  may  be  modified  by  temperature  in  two  basic  ways.  The  num- 
ber of  reactant  molecules  capable  of  surmounting  the  activation  energy 
barrier  will  change,  or  the  activation  energy  itself  may  be  changed.  Usually 
both  will  occur.  One  other  possible  mechanism  must  be  mentioned,  since 
it  has  played  an  important  role  in  inhibition  studies.  This  is  the  effect  of 
temperature  on  the  equilibrium  between  catalytically  active  and  inactive 
(or  denatured)  enzyme  molecules.  The  applicability  and  validity  of  this 
mechanism  will  be  discussed  in  a  separate  section. 

Although  the  value  of  Z^  at  any  temperature  is  related  to  the  free  energy 
of  inhibitor  binding,  the  change  in  K,  with  temperature  is  dependent  on 
the   enthalpy  change  for   the  formation  of  the  EI   complex,   since: 

AF  =  RT  In  K,  =  AH  -  TAS  (15-3) 

(15-4) 


(15-5) 


-.-^4- 

AS 
R 

d  In  Ki 

AH 

dT  RT^ 


where  AH  and  J*S  are  the  enthalpy  and  entropy  changes  for  the  binding  of 
the  inhibitor  to  the  enzyme.  Determination  of  K,  at  different  temperatures 
allows  the  calculation  of  AH  since  a  plot  of  log  Z,  against  1/T  will  give 
a  line  with  a  slope  of  J///2.303i?.  If  the  plot  is  linear  over  the  range  of 
temperatures  studied,  this  indicates  that  AH  has  not  changed  appreciably. 
However,  if  the  plot  is  curved,  the  slope  at  any  point  will  give  AH  for 
that  temperature.  If  the  temperature  range  is  not  too  great  and  the  AH 
is  reasonably  constant,  a  useful  relationship  may  be  derived: 
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(15-6) 


If  Xj  is  determined  at  one  temperature,  its  value  at  another  temperature 
may  be  estimated  by  this  equation  if  JH  is  known  and  does  not  vary  mark- 
edly with  the  temperature.  Once  JH  is  known  it  is  also  possible  to  calcu- 
late AS  from  Eq.  15-3.  Given  K^,  and  hence  JF,  at  a  single  temperature, 
it  is  impossible  to  predict  what  K^  will  be  at  another  temperature  because 
from  JF  alone  the  temperature  dependence  of  K^  cannot  be  established. 

A  word  should  be  said  about  the  sign  conventions  in  these  equations. 
In  the  chemical  literature  the  association  constant  is  often  used,  in  which 
case  AF  =  —  RT  In  K.  The  signs  in  Eq.  15-4  to  15-6  are  then  changed. 
Since  K,  is  usually  expressed  as  a  dissociation  constant,  the  sign  convention 
of  Eq.  15-3  has  been  adopted.  However,  the  thermodynamic  quantitaties 
—  JF,  JH,  and  JS  —  refer  to  the  association  of  the  enzyme  and  inhibitor. 

The  change  in  the  inhibition  with  temperature  in  a  simple  case  will 
thus  depend  on  JH  for  one  thing.  The  effects  of  temperature  on  noncom- 
petitive inhibition,  assuming  that  JH  does  not  vary  with  the  temperature, 
are  shown  in  Fig.  15-1  for  various  values  of  JH  when  K^  is  1  mill  at  37.5°. 
These  curves  indicate  the  magnitudes  of  the  eifects  to  be  expected  under 
these  conditions.  In  actual  inhibitions,  however,  it  is  unlikely  that  JH 
will  remain  constant  as  the  temperature  is  varied,  so  that  this  change  in 
JH  must  be  superimposed  on  the  effects  indicated  by  the  curves.  Since 
JH  may  either  increase  or  decrease  with  a  change  in  the  temperature,  the 
variation  of  the  inhibition  will  be  greater  or  smaller  than  shown  in  the 
figure. 

In  case  the  formation  of  the  EI  complex  involves  a  chemical  reaction 
with  the  enzyme  and  the  attachment  of  the  inhibitor  by  covalent  bonds, 
the  effects  of  temperature  are  apt  to  be  marked  because  of  the  highly 
exothermic  nature  of  most  of  these  reactions.  Furthermore,  the  affinity  of 
the  enzyme  for  the  inhibitor  will  usually  fall  with  rise  in  temperature, 
resulting  in  a  decrease  in  the  inhibition.  Inhibitions  by  the  sulfhydryl- 
reacting  agents  probably  fall  in  this  category  but  there  is  little  experimental 
basis  to  confirm  this.  The  inhibition  of  beef  heart  succinic  dehydrogenase 
by  arsenite  has  been  found  in  the  author's  laboratory  to  decrease  with 
rise  in  the  temperature  from  17°  to  37^  (Sanyal,  1959). 
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Dependence  of  Inhibition  on  Temperature 

Noncompetitive  inhil)ition  may  vary  witli  the  temperature  because  of 
changes  in  either  the  inhibitor  concentration  (I)  or  the  inhibitor  constant 
K^.  The  possibility  of  the  concentration  of  active  inhibitor  being  tempera- 
ture-dependent should  not  be  ignored.  If  an  inhibitor  exists  in  two  or  more 
forms  of  unequal  inhibitory  potency,  the  equilibrium  between  these  forms 
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Fig.  15-1.  Variation  of  noncompetitive  inhibition  with  the  temperature  for  var- 
ious vfjues  of  AH,  assuming  that  AH  does  not  change  with  the  temperature. 

Ki  =  1  m.M  at  37.5°. 


may  be  shifted  by  changes  in  the  temperature.  The  inhibition  in  compet- 
itive situations  also  depends  on  the  Michaelis  constant  A'„,  and  hence  on 
the  variation  of  this  constant  with  tem])erature.  Since  K^  and  K^  will 
usually  vary  in  the  same  direction  with  a  change  in  temperature,  due  to 
the  fact  that  substrates  and  inhibitors  react  with  the  enzyme  in  similar 
ways  in  competitive  inhibition,  the  inhibition  will  generally  not  be  so  tem- 
perature-dependent as  in  noncompetitive  cases.  However,  when  7iC,„  is 
not  equivalent  to  K^,  the  change  in  h^  ^"'^SY  cause  K^,^  to  vary  quite  dif- 
ferently than  Aj. 
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A  more  general  rule  may  be  formulated.  We  have  seen  that  the  inhibition 
can  usually  be  written  in  the  form: 

(^)  (15  7) 


(I)  +  KIX] 


where  [X]  represents  the  effects  of  various  factors  on  the  inhibition.  In 

(S) 
the  case  of  competitive  inhibition,  Z  =  1  H — ^  -,  and   for  the  situation 

in  which  only  the  ionized  form  of  the  inhibitor  reacts  with  the  enzyme, 

X  =  1  +  —^-  In  general,   K/  =  K^[X],  where,  as  previously  defined, 

K/  is  the  apparent  inhibitor  constant  which  may  be  obtained  from  the 
usual  plotting  procedures.  If  the  true  inhibitor  constant  K^  is  determined, 
then  the  calculation  of  the  inhibition  must  take  into  account  the  variation 
of  [X]  with  temperature.  On  the  other  hand,  if  the  apparent  constant  K^' 
is  determined,  thermodynamic  data  derived  from  it  cannot  be  directly 
applied  to  the  binding  of  the  inhibitor  to  the  enzyme.  For  the  complete 
description  of  the  temperature  dependence  of  an  inhibition,  it  is  necessary 
to  investigate  the  variations  in  both  K^  and  X.  Inasmuch  as  X  often  in- 
volves two  or  more  dissociation  constants  when  the  enzyme  or  inhibition 
mechanisms  become  more  complex,  the  change  in  the  inhibition  with 
temperature  may  be  difficult  to  estimate. 

It  is  good  practice  in  determining  inhibitions  at  various  temperatures  to 
establish  the  reversibility  of  the  temperature  effects  and  in  this  way  elim- 
inate any  irreversible  changes  that  may  occur.  Raising  the  temperature 
can  occasionally  lead  to  irreversible  denaturation  changes  in  the  enzyme 
and  this  may  affect  the  inhibition  kinetics. 

Possible  Mechanisms  Involved  in  Temperature  Effects  on  Enzyme  Inhibition 

Changes  in  the  equilibrium  constants  induced  by  temperature  varia- 
tions and  dependent  on  JH  are  common  to  all  chemical  reactions  and  bind- 
ings. Interactions  of  substances  with  enzymes  often  involve  additional 
factors  that  lead  to  changes  in  JH,  AS,  and  JF  with  temperature  and  some 
of  these  factors  will  now  be  discussed  briefly. 

(A)  Alteration  of  the  water  structure.  The  association  between  water  mol- 
ecules decreases  with  rise  in  the  temperature  due  to  the  increased  thermal 
movement.  It  has  been  shown  by  X-ray  scattering  that  the  water  molecules 
move  about  0.02  A  further  apart  on  the  average  for  each  10°  increase  in 
the  temperature.  There  is  also  a  smoothing  of  some  of  the  scattering  peaks 
and  an  elimination  of  others,  indicating  a  greater  randomization  of  the 
water  structure.  The  relationships  between  intermolecular  forces  and  the 
water  structure  have  been  discussed  in  Chapter  6  and  it  is  evident  that, 
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all  enzyme  reactions  occurring  in  a  milieu  of  water,  any  modification  of 
this  structure  can  have  an  influence  on  the  reactions  of  molecules  with  the 
enzyme.  This  is  particularly  apt  to  be  expressed  in  terms  of  changes  in  the 
entropy  terms  for  the  formation  of  the  EI  complex. 

(B)  Changes  in  the  dielectric  constant.  This  factor  is  closely  related  to 
the  previous  one  because  the  variations  in  the  dielectric  constant  with 
temperature  are  mainly  the  result  of  changes  in  the  water  structure.  The 
dielectric  constant  is  generally  proportional  to  IjT.  The  variation  of  the 
dielectric  constant  of  water  with  temperature  at  constant  pressure  is  given 
by  clDjclT  —  —  0.338  at  physiological  temperatures.  The  interaction  ener- 
gies between  charged  groups  will  vary  with  the  temperature  for  this  reason. 
Since  electrostatic  interaction  energy  varies  with  1/Z),  it  will  be  propor- 
tional to  the  temperature  with  respect  to  this  particular  factor. 

(C)  Changes  in  the  hydration  of  the  enzyme  and  inhibitor.  Inasmuch  as 
the  hydration  of  the  interacting  molecules  is  a  major  factor  in  the  consid- 
eration of  the  forces  involved,  one  must  take  into  account  hydration 
changes  resulting  from  variation  in  the  temperature.  Unfortunately,  very 
little  accurate  information  on  such  changes  is  available.  From  studies  on 
the  viscosity  of  water  and  salt  solutions,  Kaminsky  (1957)  concluded  that 
certain  ions  such  as  Mg++  produce  a  long-range  ordering  of  the  water  struc- 
ture, significant  orientation  occurring  beyond  the  primary  hydration  layer. 
As  the  temperature  rises,  this  secondary  hydration  is  progressively  disturbed 
by  thermal  motion  over  a  temperature  range  of  12°  to  42.5°,  although  the 
primary  shell  is  not  affected.  The  extent  of  secondary  hydration  around 
singly  charged  ions  or  ionic  groups  is  unknown  but  some  ordering  probably 
does  occur  and  would  be  susceptible  to  temperature  variation.  Hasted 
and  Roderick  (1958)  determined  the  dielectric  constants  and  relaxation 
times  at  different  temperatures  and  frequencies  and  from  such  data  obtained 
some  idea  of  the  numlier  of  water  molecules  that  are  prevented  from  rotat- 
ing when  a  solute  is  introduced  into  water.  It  might  be  predicted  that  this 
number  would  decrease  with  rise  in  the  temjjerature,  but  actually  it  did 
not  and  in  some  cases  actually  rose  slightly.  Indeed,  very  little  difference 
was  found  between  3^  and  25°  in  any  case.  Other  than  ionic  types  of  hy- 
dration occur.  Sometimes  water  molecules  are  attached  to  inhibitors  or 
enzymes  through  hydrogen  bonding  and  this  type  of  hydration  is  probably 
quite  sensitive  to  temperature.  The  interaction  energy  upon  the  approach 
of  an  inhibitor  molecule  to  an  enzyme  may  thus  be  modified  as  the  temper- 
ature changes  by  differing  degrees  of  hydration  of  the  groups  involved. 

{D)  Changes  in  the  ionization  constants  of  enzyme  grouj)s.  Acidic  and  basic 
ionization  constants  are  sensitive  to  temperatures  as  are  all  dissociation 
constants  and  consequently  the  ionization  state  of  a  protein  will  vary  to 
some  extent  with  temperature.  This  is  of  significance  not  only  with  respect 


EFFECTS  OF  TEMPERATURE:  ENZYMES  753 

to  groups  at  the  active  center  but  to  groups  over  the  entire  enzyme  since 
the  net  charge  will  be  temperature-dependent.  The  electric  field  at  the 
active  center  that  results  from  all  the  charged  groups  on  the  enzyme  will 
thus  change  with  temperature  and  this  will  affect  the  interactions  with  in- 
hibitors. 

(E)  Changes  in  the  configuration  of  the  active  center.  The  internal  structures 
of  most  simple  substances  undergoing  reactions  do  not  change  appreciably 
with  temperature  in  the  physiological  range.  However,  proteins  are  not 
rigid  molecules  and  it  is  likely  that  shape  changes  occur  during  variation 
of  the  temperature,  and  not  only  changes  of  the  over-all  shape  but  changes 
in  the  configuration  of  the  active  centers  of  enzymes.  More  and  more  evi- 
dence for  enzyme  flexibility  is  accumulating.  Koshland  (1959)  has  presented 
some  very  interesting  reasons  for  believing  that  certain  active  centers  may 
be  sufficiently  flexible  to  adjust  their  structures  to  the  substrate  that  is 
bound.  Such  self-induced  fits  would  apply  to  inhibitors  as  well.  If  active 
centers  are  amenable  to  structural  changes,  it  is  reasonable  that  changes 
in  temperature  could  bring  about  modifications  at  these  regions,  or,  per- 
haps, alter  the  inherent  flexibility  of  the  enzyme  so  that  induction  of  fit 
by  inhibitors  could  be  more  or  less  easy.  Another  possibility  suggested  by 
Sizer  (1943)  is  that  some  enzymes  may  exist  in  two  or  more  forms  of  dif- 
fering activities,  the  equilibrium  between  these  forms  being  temperature- 
dependent.  These  different  forms  would  presumably  be  susceptible  to  in- 
hibitors to  varying  degrees. 

Examples  of  the  Effects  of  Temperature  on  Enzyme  Inhibition 

Before  discussing  the  results  obtained  with  enzymes  it  may  be  interesting 
to  mention  some  of  the  temperature  studies  on  the  binding  of  small  mole- 
cules and  ions  to  proteins.  In  general  it  has  been  found  that  such  binding 
is  not  markedly  affected  by  changes  in  the  temperature.  The  binding  of 
the  first  copper  ion  to  serum  albumin  is  quite  tight  {AF  =  —  5.91  kcal/ 
mole)  but  this  is  due  to  a  large  gain  in  entropy  (JS  =  29.2  cal/mole/degree) 
so  that  JH  is  only  2.78  kcal/mole  (Klotz  and  Curme,  1948).  Thus  more  Cu++ 
was  found  to  be  bound  at  25°  than  at  0°  but  the  change  in  binding  was 
not  very  large.  The  binding  of  methyl  orange  and  azosulfathiazole  to  serum 
albumin  showed  similar  behavior  in  that  JH  was  only  —  2.0  to  —  2.1 
kcal/mole,  the  energy  for  binding  being  mainly  contributed  by  large  en- 
tropy increases  (Klotz  and  Urquhart,  1949  a).  The  binding  of  chloride  ion 
to  serum  albumin  gave  a  JH  of  only  0.43  kcal/mole  and  was,  therefore, 
very  little  dependent  on  temperature  (Scatchard  et  al.,  1950  a).  No  effect 
at  all  of  temperature  on  the  binding  of  thiocyanate  to  serum  albumin 
could  be  found  (Scatchard  et  al.,  1950  b).  The  enthalpies  of  binding  are 
uniformly  small  and  this  applies  as  well  to  the  binding  of  aromatic  sulfo- 
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nates,  dodecyl  sulfate,  and  other  surfactant  substances  (Klotz,  1953).  These 
results  also  indicate  that  the  binding  may  either  increase  or  decrease  with 
a  rise  in  temperature,  inasmuch  as  AH  may  be  positive  or  negative. 

The  K,  for  the  inhibition  of  beef  heart  succinic  dehydrogenase  by  malon- 
ate  was  given  by  Singer  et  al.  (1957)  as  0.041  mM  at  38o  and  0.025  mM 
at  20-23°.  At  a  constant  malonate  concentration  the  inhibition  would  thus 
decrease  with  rising  temperature.  Assuming  that  Eq.  15-6  is  valid,  one  may 
calculate  that  at  38°  the  binding  of  malonate  to  the  enzyme  is  characterized 
by  the  following  thermodynamic  quantities:  JF  =  —  6.26  kcal/mole, 
AH  =  —  5.48  kcal/mole,  and  AS  =  2.6  cal/mole/degree.  The  enthalpy 
values  for  the  substrates,  succinate  and  fumarate,  are  similar  in  magni- 
tude, supporting  the  concept  that  malonate  is  bound  like  the  substrates 
to  the  enzyme  active  site.  The  temperature  effects  on  the  inhibition  of 
fumarase  by  malonate  and  succinate  are  more  complex,  in  that  the  for- 
mation of  the  EI  complex  is  exothermic  at  low  temperatures  and  endotherm- 
ic  at  higher  temperatures  (Massey,  1953  b).  The  plots  of  log  K^  against 
1/T  show  linear  portions  connected  by  sharp  breaks  (Fig.  15-2),  AH  being 
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Fig.  15-2.  Effects  of  temperature  on  the  inhibitor  constants  for  the 

inhibitions  of  fumarase  by  malonate  and  succinate  at  pH  6.35.  AH 

given  in  kcal/mole.  (From  Massey  195.3b.) 


around  —  20  kcal/mole  above  27°  and  5  kcal/mole  below  this  temperature. 
Since  K^  would  be  the  same  for  two  different  temperatures  for  each  inhibitor, 
and  thus  the  AF  the  same  at  these  temperatures,  the  markedly  different 
values  of  AH  would  indicate  that  the  entropies  of  binding  at  high  and  low 
temperatures  are  very  different.  One  might  readily  interpret  this  striking 
change  with  temperature  as  resulting  from  a  modification  of  the  structure 
of  the  active  center  and  supporting  the  temperature-dependent  flexibility 
of  the  enzyme.  The  inhibition  of  fumarase  by  thiocyanate  is  weakly  de- 
pendent on  temperature,  the  yyK,  changing  from  2.3  to  2.2  as  the  temper- 
ature rises  from  25°  to  35°  (Massey  and  Alberty,  1954). 
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The  most  complete  studies  of  the  variation  of  enzyme  inhibition  with 
temperature  are  those  of  Gressly  and  Aebi  (1959;  Gressly  et  al.,  1959). 
The  actions  of  azide,  hydroxylamine.  2.4-dichlorophenol,  and  3-amino-l,2-4: 
triazole  on  mouse  liver  catalase  were  determined  at  different  concentrations 
and  temperatures.  Typical  concentration-inhibition  curves  for  azide  are 
shown  in  Fig.  15-3  and  the  marked  shift  with  temperature  is  evident.  In 


Fig.    15-3.   Inhibition  of  catalase   by   azide   at   three   different 
temperatures.  (From  Gressly  et  al.,  1959.) 


Fig.  15-4  the  effects  of  temperature  on  all  the  inhibitions  are  summarized. 
It  is  interesting  that  although  three  inhibitors  follow  the  usual  exothermic 
pattern,  the  inhibition  by  3-amino-l,2,4-triazole  is  endothermic.  The  en- 
thalpy change  for  azide  inhibition  is  quite  high:  ]H  =  —  14.6  kcal/mole, 
JjF  =  —  7.6  kcal/mole,  and  J*S  =  —  22.6  cal;  mole/degree.  Another  in- 
hibition that  increases  with  rising  temperature  is  that  of  1,10-phenanthro- 
line  on  succinic  dehydrogenase,  preliminary  experiments  at  the  1  mM 
level  showing  13%  inhibition  at  17°,  14.5%  inhibition  at  27°,  and  17.2% 
inhibition  at  37°  (Sanyal,  1959). 

Perhaps  the  most  endothermic  inhibition  yet  reported  is  that  of  500  mM 
urethane  on  yeast  /?-fructofuranosidase  between  45°  and  65°,  in  which  range 
the  inhibition  increases  from  28%  to  97%  (Johnson  et  al.,  1948).  It  is  likely 


756 


15.    EFFECTS   OF   VARIOUS   FACTORS    ON   INHIBITION 


that  changes  in  the  enzyme  structure  predispose  it  to  inhibition  by  ure- 
thane  at  these  temperatures  and  that  the  rapid  rise  in  the  inhibition  is 
not  entirely  due  to  an  increased  affinity.  Below  45°  the  inhibition  is  much 
less  dependent  on  temperature  and  around  25°  there  appears  to  be  no  va- 
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Fig.   1.5-4.    Effects   of   temperature    on    the    inhibitions   of 
catalase    by   fovu'   inhibitors.    Concentrations    are   given    in 
milhmohir.  (From  Gressly  and  Aebi,   19.59.) 

riation  with  temperature.  The  mechanisms  involved  in  this  inhibition  will 
be  discussed  in  the  later  section  on  pressure  effects,  inasmuch  as  high  pres- 
sures antagonize  the  rise   in  the  inhibition  with  temperature. 

Dependence  of  Rates  of  Inhibition  on  Temperature 

If  the  rate  at  which  inhibition  develops  is  related  to  the  combination  of 
the  inhibitor  with  the  enzyme  according  to: 


E  +  I 


EI 


(15-8) 
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the  rate  of  formation  of  EI  is  given  by: 

d{El) 


dt 


=  ^■(E)(I)  (15-9) 


Changes  in  the  rates  of  inhibition  with  temperature  will  thus  depend  on  the 
variations  of  the  rate  constant,  the  enzyme  concentration,  and  the  inhibitor 
concentration  with  temperature.  In  most  cases  the  concentrations  will 
not  change  appreciably  with  temperature,  at  least  over  a  physiological 
range,  and  only  the  rate  constant  need  be  considered.  The  rate  constant 
is  expressed  in  transition  state  theory  by: 

k  =  e-^^H'iRT)  e  (jS'aR)  (15-10) 

Nh 

where  h  is  Planck's  constant  and  J^*  and  J*S*  are  the  enthalpy  and  en- 
tropy of  activation  for  the  formation  of  the  EI  complex.  The  transmission 
coefficient  x  is  assumed  to  be  unity  and  hence  is  not  included  in  the  equa- 
tion. 

In  order  to  determine  the  change  in  rate  constant  with  temperature  we 
may  write: 

ln^,=ln  —  +lnT,  +--^-^^  (15-11) 

7?  A  S*  A  77* 

ln..=ln^+lnr..^-^  (15-12) 

where  h-^  and  h^  are  the  rate  constants  at  temperatures  T^  and  T^-  Thus: 


,     k,         AH* 
In  -^  = 


k^  R 


1  1 

t7  "t; 


-f  In  ^  (15-13) 

J- 1 


It  may  be  seen  that  the  temperature  dependence  of  the  rate  constant  is 
related  to  J//*,  the  enthapy  of  activation,  just  as  the  temperature  depend- 
ence of  the  equilibrium  constant  is  related  to  AH,  the  over-all  enthalpy 
change  in  the  formation  of  the  EI  complex.  In  the  physiological  range,  an 
increase  in  the  temperature  of  10°  will  double  the  rate  constant  when 
AH*  is  about  12  kcal/mole. 

The  enthalpy  of  activation  may  be  obtained  by  a  simple  plotting  pro- 
cedure resulting  from  rewriting  Eq.  15-10  in  the  following  form: 

1      ^         1        ^  ZIS*         AH*  ,,_,,. 

In =  In 1 (15-14) 

T  Nh    ^     R  RT 

when  log  (k/T)  is  plotted  against  1/T,  a  straight  line  with  a  slope  of 
—  (J^*/2.303i?)   will  be  obtained  if  JH*  does  not  change  appreciably 
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with  the  temperature.  This  enthalpy  of  activation  is  related  to  the  Arrhe- 
nius  activation  energy  as  follows:  E^^^  =  AH*  +  RT.  If  AH*  changes 
with  temperature,  the  plot  will  not  be  linear  and  the  slope  at  any  point 
will  give  the  AH*  at  that  temperature.  The  entropy  of  activation  may  be 
obtained  from  the  intercept  on  the  log  (JcIT)  axis,  which  is  equal  to  log  {Rj 
Nh)  +  {AS*I2.30^R). 

These  concepts  may  be  applied  to  any  rate  constants,  not  only  for  the 
formation  of  the  EI  complex,  but  also,  for  example,  to  A;_i  for  the  dissocia- 
tion of  the  EI  complex,  or  to  k.^  for  the  dissociation  of  the  ES  complex  into 
products.  The  enthalpies  and  entropies  of  activation  are  actually  known  for 
many  enzyme  reactions,  both  for  the  formation  and  the  dissociation  of  the 
ES  complexes  (see  Lumry,  1959,  Laidler,  1958),  but  very  little  has  been 
reported  on  rate  constants  related  to  enzyme  inhibition.  Information  on 
the  course  of  the  binding  reaction  could  be  obtained  from  temperature 
studies  on  the  rates  at  which  inhibitions  develop.  As  Laidler  (1958)  points 
out,  an  entropy  change  upon  formation  of  EI*  could  result  from  either 
structural  changes  in  the  protein  at  the  active  center  or  in  alterations  of 
the  state  of  hydration.  If  the  enzyme  unfolds  during  the  formation  of  the 
activated  complex,  J*S'*  will  be  positive,  and  there  is  some  indirect  evidence 
that  such  may  occur  in  the  formation  of  the  ES*  activated  complex.  How- 
ever, 'the  entropy  changes  due  to  modifications  in  the  hydration  may 
often  mask  these  structural  effects.  If  charges  on  the  enzyme  and  inhibitor 
are  neutralized  during  the  complex  formation,  water  will  be  set  free  and 
AS*  will  be  positive.  Unfortunately  the  rates  of  inhibition  in  many  im- 
portant cases  are  too  rapid  to  measure  with  the  techniques  that  are  available 
and  hence  the  data  from  which  activation  energies  might  be  calculated 
are  not  available. 

More  temperature  studies  on  inhibition  rates  have  been  done  using 
cholinesterase  than  any  other  enzyme,  but  the  extent  and  accuracy  of  the 
data  are  often  insufficient  for  thermodynamic  characterization.  The  rate 
of  inhibition  of  human  plasma  cholinesterase  by  HgClg  is  markedly  de- 
pendent on  the  temperature  (Goldstein  and  Doherty,  1951).  For  example, 
a  concentration  of  0.114  niM  inhibited  76.4%  after  4  h  at  37°,  but  at  0" 
there  was  only  18.5%  inhibition  after  24  h  and  63.7%  inhibition  after  7 
days.  The  inactivation  rate  at  37°  was  about  a  hundred  times  greater  than 
at  0°.  The  kinetics  of  the  inhibition  led  to  the  postulate  that  an  initial 
inhibition  (perhaps  as  the  result  of  reaction  with  SH  groups)  is  followed 
by  an  irreversible  inactivation.  The  temperature  coefficient  is  much  higher 
for  the  secondary  inactivation  than  for  the  early  inhibition,  indicating  that 
the  former  is  akin  to  a  denaturation  process.  The  inhibitions  of  human 
erythrocyte  cholinesterase  by  urethane  (Shukuya,  1953)  and  salicylate 
(Shukuya,  1954)  also  seem  to  involve  two  types  of  inhibition  mechanisms, 
since  the  temperature  coefficients  were  high  when  high  concentrations  of 
the  inhibitors  were  used,  implying  a  denaturation-type  inactivation,  and 
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low,  or  even  negative  in  the  case  of  urethane,  when  low  concentrations  were 
used.  Unfortunately  the  experiments  with  high  and  low  inhibitor  concen- 
trations were  done  under  somewhat  different  conditions  so  that  comparison 
cannot  be   quantitative. 

The  calculation  of  thermodynamic  values  from  data  obtained  on  slowly 
acting  and  partially  irreversible  inhibitors  has  occasionally  been  ambiguous. 
When  the  inhibition  is  determined  after  a  single  time  interval,  it  is  diffi- 
cult to  know  if  this  represents  a  rate  process  or  a  i^artial  equilibrium,  or 
both,  and,  hence,  if  the  calculated  enthalpy  change  refers  to  an  activated 
complex  or  to  the  final  comi)lex.  If  the  enthalpy  of  activation  is  required, 
it  is  preferable  to  determine  the  progress  of  the  inhibition  and  to  use  the 
initial  rates  at  different  temperatures.  The  problem  of  simidtaneous  inhi- 
bition and  inactivation  has  been  discussed  in  Chapter  12  and  the  formu- 
lations presented  there  may  be  used  as  a  basis  for  predicting  temperature 
effects.  It  may  also  be  pointed  out  that  it  is  not  valid  to  plot  log  i  against 
1/T,  as  w^as  done  for  the  inhibition  of  cholinesterase  by  urethane  (Shukuya, 
1953),  since  the  inhibition  may  be  expressed  by  an  equation  of  the  type 
i  =  1  —  g-^d)'  (see  Eqs.  12-12  and  12-16),  and  log  i  is  not  proportional  to 
1/T  because  the  rate  constant  itself  is  an  exponential  function  of  1/T. 
One  must  first  plot  log  (1  —  i)  against  t  to  determine  the  values  of  k  at 
different  temperatures,  and  then  plot  log  k  against  1/T  to  determine  the 
energy  of  activation,  or  log  {kjT)  against  1/T  to  determine  the  enthalpy 
of  activation. 

The  temperature  dependence  of  the  inhibition  of  cholinesterase  by  the 
organoi^hosphorus  compounds  is  complex  because  at  least  two  steps  are 
involved,  the  formation  of  a  reversible  EI  complex  and  the  ensuing  chemical 
reaction  of  the  inhibitor  with  an  enzyme  group.  Another  complicating 
factor  with  certain  of  these  inhibitors  is  the  spontaneous  hydrolysis  of  the 
phosphorylated  enzyme,  since  the  rate  of  this  reversal  reaction  will  also 
be  dependent  on  the  temperature.  The  inhibition  of  electric  organ  cholin- 
esterase by  diisopropylfluorophosphate  has  been  found  by  Nachmansohn 
et  al.  (1947,  1948)  to  develop  more  rapidly  at  higher  temperatures,  but  the 
difference  in  the  rates  is  not  very  large.  They  stated  that  the  inhibition  pos- 
sessed a  QiQ  of  about  2  but  Chadwick  (1957)  recalculated  their  data  and  came 
up  with  a  QiQ  between  1.22  and  1.44.  Chadwick  using  fly  head  cholinesterase 
found  a  Q^^  of  1.58,  wdiich  is  similar  to  the  Q^q  of  1.34  for  the  hydrolysis  of 
acetylcholine  by  this  enzyme.  Aldridge  (1953  b)  found  that  the  inhibition 
of  erythrocyte  cholinesterase  by  the  slowly  reversible  E-600  was  charac- 
terized by  an  energy  of  activation  of  10.6  kcal/mole.  This  must  represent 
the  formation  of  the  activated  complex  in  the  phosphorylation  o^  the  en- 
zyme. The  rate  of  the  reversal  of  the  inhibition  by  hydrolysis  of  the  phos- 
phorylated enzyme  is  associated  with  an  energy  of  activation  of  14.4  kcal/ 
mole.  A  rise  in  the  temperature  in  such  a  case  may  involve  an  increased 
rate  of  formation  of  the  initial  EI  complex  (with  a  low  temperature  coeffi- 
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cient),  an  increased  rate  of  enzyme  phosphorylation  (with  a  higher  temper- 
ature coefficient),  and  a  faster  hydrolysis  of  the  inhibited  enzyme  (with 
perhax)s  an  even  higher  temperature  coefficient).  In  addition,  at  the  higher 
temperatures  there  will  be  progressive  thermal  inactivation  of  the  enzyme. 
Davies  (1955)  has  reported  that  below  35°  the  inhibition  of  horse  serum 
cholinesterase  by  choline  shows  an  enthalpy  change  of  —  9.8  kcal/mole 
but  above  35°  there  is  a  rather  sudden  change  to  —  54  kcal/mole,  indicating 
a  denaturation-type  effect.  However,  Chadwick  has  questioned  if  the  ac- 
curacy of  the  Ki  determinations  was  sufficient  to  justify  these  calculations. 

Equilibria  between  Active  and  Inactive  forms  of  the  Enzyme 

Many  temperature  studies  of  enzymes  and  metabolism  have  been  inter- 
preted on  the  basis  of  the  effects  of  temperature  changes  on  an  equilibrium 
between  catalytically  active  and  inactive  (or  denatured)  forms  of  the  en- 
zyme, particularly  by  Johnson  and  his  colleagues  (Johnson  et  al.,  1954).  There 
has  been  some  confusion  about  the  kinetics  of  such  systems  and,  indeed, 
it  is  evident  that  the  formulations  are  enzymically  incorrect  in  most  in- 
stances. Reiner  (1959,  p.  267)  has  pointed  out  some  of  the  errors  and  there 
are  others  related  more  specifically  to  inhibitions  that  will  be  mentioned 
later.  Under  the  circumstances,  it  w^ill  be  better  to  present  the  kinetic  equa- 
tions for  several  possible  systems  first,  rather  than  to  discuss  erroneous  or 
inapplicable  formulations.  The  fundamental  addition  that  must  be  made 
to  the  systems  discussed  in  earlier  chapters  is  the  equilibrium: 

E„  —  E,  K  =  (EJ/(E,)  (15-15) 

where  E^,  is  catalytically  active  enzyme  and  E^^  is  denatured  or  inactive 
enzyme.  It  must  be  understood  that  the  inactivating  structural  change 
need  refer  only  to  the  active  center  and  that  total  enzyme  denaturation 
is  not  implied;  in  fact,  it  might  be  better  if  the  term  "denaturation"  were 
not  used  iri  this  connection  because  the  structural  changes  may  not  be 
related  to  what  is  classically  supposed  to  occur  during  denaturation. 
We  shall  first  consider  a  simple  noninhibited  enzyme  system: 

A'  A'j  A-., 

.      ^,  —  E„  +  S  -  E„S  ^  E,  +  P  (15-16) 

The  rate  will  be  given  by  v  =  A^2(EgS)  and  the  conservation  equation  for 
the  enzyme  is  (E,)  =  (EJ  -f-  (E^)  +  (E,,S).  The  rate  in  terms  of  the  sub- 
strate concentration  and  the  equilibrium  constants  is  then: 


(S)  +  ^,    1  + 


i 
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When  K  is  very  high  and  the  enzyme  essentially  exists  completely  in  the 
active  form,  this  reduces  to  the  usual  Michaelis-Menten  rate  expression. 
The  effect  of  temijerature  on  the  rate  will  now  depend  on  the  variation  of 
K  with  the  temperature.  It  is  generally  assumed  that  inactivation  of  the 
enzyme  increases  with  temperature  and  thus  K  becomes  smaller  as  the 
temperature  is  raised,  the  term  in  brackets  increasing  and  the  rate  de- 
creasing. Equation  15-17  can  be  used  to  explain  the  phenomenon  of  max- 
ima in  the  rate-temperature  curves  (see  following  section). 

The  inhibitor  may  combine  only  with  E^^,  or  only  with  E^,  (competitive  or 
noncompetitive),  or  with  both  E^  and  E^  (competitive  or  noncompetitive). 


Case  I:  inhibitor  combines  only  with  E^ 


A'/  A' 

Erfl  :;±   Ed  ;;z±   Eq 


E„S 


Ea+P 


(15-18) 


In  all  cases  K/  will  indicate  the  dissociation  constant  of  the  complex  with 
inactive  enzyme  and  K,  the  dissociation  constant  of  the  complex  with  active 
enzyme.  The  conservation  equation  is  now  (E,)  =  (E„)  —  (E^)  -\-  (E^S)  + 
(E(^I).  The  rate  is  given  by: 

VJS) 


(S)  +  K, 


1 


(I) 


KK, 


and  the  inhibition  by 


(I) 

(I)  +  K/ 

h-Tl 

(15-19) 


(15-20) 


It  may  be  noted  that  when  the  enzyme  is  all  in  the  active  form  and  K  =  oo, 
the  rate  will  be  that  of  the  system  in  the  absence  of  the  inhibitor  and  the 
inhibition  will  be  zero,  since  there  will  be  no  E^^  with  which  the  inhibitor 
can  combine.  When  the  enzyme  is  mainly  in  the  inactive  form,  the  rate  will 
be  low  and  the  inhibition  will  approach  noncompetitive  kinetics.  However, 
in  the  intermediary  range  the  inhibition  will  depend  on  the  substrate  con- 
centration much  as  in  competitive  inhibition.  It  is  difl&cult  to  distinguish 
between  this  situation  and  true  competitive  inhibition.  Plots  of  l/Wj  against 
1/(S)  give  straight  lines  with  slopes  of 


K. 


Vr 


1     + 


1 


+ 


(I) 


KK/ 


whose  intercepts  on  the  1/^',  axis  will  not  vary  with  the  inhibitor  concen- 
tration. A  plot  of  (I)(l  —  i)li  against  (S)  will  likewise  give  a  straight  line 
indistinguishable  from  true  competitive  inhibition,  but  the  slope  will  now 
be  KK/IKg  instead  of  K,'  jK^  and  the  intercept  will  be  K-{\  -f-  K)  instead 
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oi K- .  In  all  cases  where  there  is  inactive  enzyme,  the  nsual  determinations 
of  the  inhibitor  constant  will  be  in  error  by  an  amount  dependent  on  the 
value  of  K.  With  respect  to  the  effects  of  changes  in  the  temperature,  the 
inhibition  will  increase  as  the  temperature  rises  due  to  the  fall  in  K  and 
the  increase  in  E^  with  which  the  inhibitor  can  combine.  By  appropriate 
graphical  analysis  it  would  be  theoretically  possible  to  determine  the 
changes  in  both  K  and  K^'  but  the  temperature  range  would  have  to  be 
sufficient  to  allow  accurate  evaluation. 

Case  II:   inhibitor  combines  only  with   E,,    —    competitive 

K,     E„S  ->  E„  +  P 


A' 

Erf  =±  E„ 


^>     EJ 


The  rate  and  inhibition  equations  may  be  shown  to  be: 

F,„(S) 


Vi   = 


(I)  +  K, 


1  (S) 

1  H h  -— - 

^  K   ^   K, 


(15-21; 


(15-22) 


(15-23) 


As  K  approaches  infinity,  the  inhibition  becomes  completely  competitive, 
and  when  K  is  small,  both  the  uninhibited  and  inhibited  rates  decrease. 
Graphical  procedures  yield  plots  characteristic  of  competitive  inhibition 
but  from  which  the  calculation  of  K,  will  be  in  error.  A  rise  in  temperature 
will  cause  a  fall  in  the  inhibition. 

Case  III:  inhibitor  combines  only  with  E^  —  nmicompetitive 

E„  +  P 

K. 


K 

Ed  ;^  Ea 


E„S    ^K, 


^ 


E.SI 


(15-24) 


EJ       A'. 


For  completely  noncompetitive  inhibition  the  equations  take  the  forms: 

^'"^^^  (15-25) 


(15-26) 


(I)  +  K,  + 


KiKs 
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Despite  the  fact  that  the  inhibition  is  noncomiietitive,  the  inhibition  will 
depend  on  the  substrate  concentration,  but  in  a  different  manner  than  in 
competitive  inhibition  since  here  the  inhibition  will  be  increased  as  the 
substrate  concentration  rises.  As  K  approaches  infinity,  the  inhibition 
becomes  classically  noncompetitive.  The  inhibition  will  again  decrease  as 
the  temperature  is  increased. 

Case  IV:  inhibitor  combines  ivith  both  E^  and  E^^  —  competitive 

A-       E„S  ->  E„  +  P 


A'/  K 

EJ  ;^  Ed  ;^  Efl 


A',       EJ 


(15-27) 


The  rate  and  inhibition  equations  are  somewhat  more  complex  than  in 
the   previous  situations: 

^™^^^  (15-28) 


(S)  +  K, 


1  + 


1 

(I) 


if, 


+ 


(I) 


KK/ 


(I)  + 


KKjKi' 


K,  +  KK/ 


2_  ,  i^ 

K   +   K, 


(15-29; 


These  more  general  equations  reduce  to  15-19  and  15-20  when  K^  =  oo, 
and  to  Eqs.  15-22  and  15-23  when  K/  =  oo,  as  expected.  The  variation  of 
the  inhibition  with  temperature  will  be  complex  and  will  depend  on  the 
relative  values  of  K,  and  K/. 

Case  V:  inhibitor  combines  with  both  E^  and  E^^  —  noncompetitive 

Ea+P 

(15-30) 


K,      E,S      A', 
A'/  K  ^  ■^ 

E  J  —  E,  —  E„  E,SI 


A-,. 


EJ 


If  an  enzyme  can  exist  in  active  and  inactive  forms,  this  situation  is  prob- 
ably fairly  common  and  leads  to  the  following  rate  and  inhibition  equa- 
tions: 

VJQ) 


Vi    = 


K         Ki         KK/ 


(I)  +  K, 


(S)  +  K,[l  +  aiK)] 


,(S)  +  K,[l  +  {K.jKK/)] 


(15-31) 


(15-32) 
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When  either  K  is  very  large  or  K,  =  K- ,  the  inhibition  becomes  purely 
noncompetitive,  but  generally  is  dependent  on  the  substrate  concentration 
in  a  complex  fashion.  The  variation  of  the  inhibition  with  temperature  will 
depend  on  the  ratio  of  KJK/. 

The  variation  of  the  inhibition  with  the  temperature  in  such  systems 
will  thus  depend  on  the  form  of  the  enzyme  with  which  the  inhibitor  com- 
bines and  whether  the  inhibition  is  competitive  of  noncompetitive.  Of  course, 
other  types  of  inhibition,  such  as  uncompetitive  or  coupling,  may  occur. 
The  change  in  inhibition  with  K  for  case  V  has  been  plotted  in  Fig.  15-5 
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Fig.  15-5.  Variation  of  the  inhibition  with  K,  the  equihbrium 
constant  between  active  and  inactive  enzyme,  for  case  V  where 
the  inhibitor  combines  with  both  E^,  and  E^  noncompetitively 
(scheme  15-30  and  Eq.  15-32).  (I)  =  1  miJf ,  (S)  =  1  mM,  Ki  =  1 
mM,  and  K^  =  1  vaM.  The  figures  on  the  curves  are  values 
of  the   ratio   KJK/ . 


and  it  may  be  observed  that  when  K  is  high,  the  inhibition  approaches  50% 
whatever  the  ratio  KJK/  for  the  specific  situation  selected.  If  increasing 
the  temperature  brings  about  a  shift  in  the  equilibrium  to  form  more  of 
the  inactive  enzyme,  i.e.,  K  becomes  smaller,  the  inhibition  will  either  in- 
crease or  decrease  depending  on  whether  the  ratio  KJK/  is  greater  than 
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unity  or  less  than  unity.  Changes  in  the  temperature  may  also  alter  K^ 
and  jfiC,  or  K-  so  that  the  variation  of  the  inhibition  in  most  cases  would 
be  more  complex  than  represented  here.  A  complete  description  of  an 
inhibition  and  its  dependency  on  temperature  would  require  the  deter- 
mination of  the  constants  K.  K^,  and  K/,  but  experimentally  this  would 
require  an  exact  elucidation  of  the  mechanism  of  the  inhibition  and  a  great 
deal  of  very  accurate  data  obtained  at  different  temperatures  and  concen- 
trations of  inhibitor. 

The  change  of  K  or  (E,,)/(E^)  with  temperature  may  be  roughly  estimated 
if  the  inactivation  process  is  akin  to  protein  denaturation.  The  average 
thermodynamic  characteristics  for  the  denaturation  of  trypsin,  chymotryp- 
sinogen,  and  soy  bean  trypsin  inhibitor  are:  JF  =  —  1.2  kcal/mole, 
AH  =  75  kcal/mole,  and  AS  =  235  cal/mole /degree.  From  Eq.  15-6  it 
may  be  calculated  that  a  10°  rise  in  temperature  in  the  physiological  range 
would  decrease  iii  by  a  factor  of  approximately  one-fortieth.  However, 
local  structural  changes  at  the  active  center  may  not  follow  over-all  pro- 
tein denaturation  thermodynamics,  so  that  any  estimates  on  this  basis 
must  be  considered  to  be  very  tentative.  The  temperature  coefficient,  nev- 
ertheless, would  probably  be  fairly  high. 

We  must  now  examine  as  critically  as  possible  this  concept  of  equilibria 
between  active  and  inactive  forms  of  enzymes  and  the  bearing  this  has  on 
inhibition  and  temperature  effects.  A  marked  rise  in  the  inhibition  of  an 
enzyme  upon  increasing  the  temperature  is  not  in  itself  sufficient  evidence 
for  such  an  equilibrium,  since  the  inhibition  reaction  may  have  a  high 
enthalpy  change  independent  of  any  equilibrium  between  active  and  inac- 
tive forms.  The  inhibitor,  indeed,  may  produce  a  local  denaturation  of  the 
enzyme  and  this  may  occur  more  readily  at  higher  temperatures,  but  this 
does  not  imply  the  presence  of  denatured  forms  before  the  inhibitor  is 
added.  There  is  no  question  about  the  denaturation  of  enzymes  when  the 
temperature  is  elevated  sufficiently  and  all  enzymes  exhibit  maxima  in 
their  temperature-activity  curves.  The  problem  here  is:  at  physiological 
temperatures  between  15°  and  38°,  where  most  enzyme  and  metabolic 
work  is  carried  out,  is  such  enzyme  inactivation  of  importance?  The  op- 
timal temperature  for  enzyme  activity  (i.e.,  the  temperature  at  which  the 
rate  is  maximal)  has  been  stated  to  be  between  40-50°  for  most  animal  en- 
zymes and  between  50-60°  for  most  plant  enzymes  (Sumner  and  Somers, 
1953).  Inasmuch  as  the  temperature  coefficient  is  high,  this  would  indicate 
that  the  majority  of  enzymes  do  not  exist  appreciably  in  the  inactive  form 
in  the  physiological  temperature  range.  However,  certain  enzymes  are  par- 
ticularly unstable  even  at  37°  when  they  are  isolated  from  cells,  and  in  such 
cases  an  appreciable  fraction  may  occur  in  the  reversibly  denatured  or  inac- 
tive form.  For  most  enzymes  the  situation  is  probably  as  shown  in  Fig. 
15-6  where  the  experimental  temperature  range  is  sufficiently  far  below 
the  optimal  temperature  so  that  only  insignificant  amounts  of  inactive 
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enzyme  are  present.  Thus  it  would  appear  that  for  an  E^/E^  equilibrium 
to  be  assumed  to  explain  the  effects  of  temperature  on  enzyme  inhibition, 
experimental  evidence  that  such  an  equilibrium  exists  in  the  temperature 
range  studied  for  the  particular  enzyme  under  experimental  conditions 
must  be  demonstrated. 

There  is  some  indirect  evidence  that  E,,/E^  equilibria  are  not  important 
for  the  majority  of  enzymes.  We  have  seen  above  that  noncompetitive 


RATE 


Fig.  15-6.  Generalized  variation  of  enzyme 
rate  with  the  temperature  within  the  common 
experimental  range  of  temperatiu'es  shown. 

inhibition  would  depend  to  some  extent  on  the  substrate  concentration  if 
an  inactive  form  of  the  enzyme  occurs,  and  yet  there  are  many  instances 
where  noncompetitive  inhibition  has  been  shown  to  be  independent  of  the 
substrate  concentration  in  the  temperature  range  studied.  Also  it  may  be 
noted  that  according  to  Eq.  15-17  for  an  uninhibited  reaction,  the  apparent 
substrate  constant  would  involve  K,  i.e.  KJ  =  KJil  +  (1/^).  If  K  varies 
markedly  with  the  temperature,  one  would  expect  the  experimentally  de- 
termined Michaelis  constants  also  to  vary  strongly  with  the  temperature, 
which  usually  does  not  seem  to  be  the  case.  The  evidence  from  high  pres- 
sure studies  will  be  considered  later. 

A  method  of  calculating  K,  the  equilibrium  constant  for  the  interconver- 
sion  of  E„  and  E^,  has  been  suggested  by  Hultin  (1955)  and  applied  to  the 
hydrolysis  of  tributyrin  by  pancreatic  lipase  at  subzero  temperatures. 
Inactivation  of  the  enzyme  becomes  progressively  greater  as  the  tempera- 
ture is  reduced  below  —  5^  as  indicated  in  the  accompanying  tabulation 
where  Hultin's  K  has  been  altered  to  fit  the  convention  adopted  above. 
The  enthalpy  change  of  the  inactivation  was  calculated  to  be  —  27  kcal/ 
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mole,  which  with  the  rather  small  change  in  free  energy  would  imply  a 
large  entropy  factor.  Although  this  situation  is  different  from  that  usually 


Temperature 

K 

-  5° 

0.23 

-lOo 

0.014 

-15° 

0.041 

-18° 

0.027 

-24.5° 

0.003 

investigated,  the  principles  used  in  the  calculations  would  be  the  same 
for  any  temperature  range. 

Effects   of  Inhibition    on    the   Optimal   Temperature 

The  temperature  at  which  the  rate  of  an  enzyme  reaction  is  maximal  is 
determined  usually  by  a  balance  between  the  two  major  effects  of  temper- 
ature, the  elevation  of  the  rate  with  rise  in  the  temperature,  due  mainly 
to  the  increase  in  ^2  for  the  breakdown  of  the  ES  complex,  and  the  progres- 
sive thermal  inactivation  of  the  enzyme.  A  system  such  as  15-16  is  generally 
assumed  and  the  variation  in  the  rate,  given  by  Eq.  15-17,  with  temperature 
is  related  to  the  changes  in  the  constants,  k2,  K„j,  and  K.  Since  the  temper- 
ature dependence  of  these  constants  is  determined  by  the  respective  en- 
thalpies, these  constants  may  be  expressed  in  terms  of  the  thermodynamic 
quantities  as  follows: 

k,  =  Ae-^-'H*iRT)  e  i^'S'/R)  (15-33) 

K,  =  e^-^HsiRT)  e-^-^SsiR)  (15-34) 

K  =  e^'niRT)  g-(JS/R)  (15-35) 

and  substituted  in  Eq.  15-17.  If  the  Michaelis  constant  is  not  an  equi- 
librium constant,  K„  each  of  the  rate  constants  —  k^,  k_-^,  and  k^  —  must 
be  expressed  as  in  Eq.  15-33.  If  it  is  further  assumed  that  the  substrate 
concentration  is  low  so  that  it  may  be  neglected  in  the  denominator,  the 
rate  is  given  by: 

_^(E,)(S)e''^*/^'    ( e-^-'H'iRT) j 

In  order  to  determine  the  temperature  at  which  the  rate  is  maximal, 
dvjdT  may  be  set  equal  to  zero.  Since  the  term  outside  the  brackets  is 
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independent  of  temperature,  it  may  be  disregarded.  The  optimal  tempera- 
ture is  found  to  be: 

Tovt  = r   "^^.^ ^  (15-37) 


AS  +  R\tl 


AH  ^ 


AH,  +  AH* 


and  is  thus  related  to  each  enthalpy  term  and  the  entropy  of  the  inacti- 
vation.  The  relative  values  of  JH,  AH ^  and  AH*  so  that  a  maximum  rate 
will  occur  may  be  determined  from  this  equation  and  the  conditions  for 
a  maximum  in  the  temperature  range  studied  are  defined. 

The  optimal  temperature  is  not  a  very  useful  value  in  characterizing 
an  enzyme,  as  Dixon  and  Webb  (1958)  have  pointed  out,  and  is  often  time- 
dependent,  but  the  effects  of  inhibition  upon  it  may  be  of  some  interest. 
For  example,  it  has  generally  been  assumed  that  when  an  inhibitor  lowers 
T^pi,  the  inhibitor  is  facilitating  the  inactivation  of  the  enzyme.  However, 
from  the  equation  above  it  may  be  seen  that  effects  on  J^,  and  AH* 
may  also  be  involved.  It  is,  after  all,  a  matter  of  shifting  the  balance  of 
the  temperature  dependencies  of  the  constants.  A  decrease  in  T^^i  will 
occur  if  either  AH ^  or  AH*,  or  both,  is  decreased  by  the  inhibitor.  Most 
of  the  work  on  shifts  in  T^^^  due  to  inhibitors  has  been  done  on  multienzyme 
systems  or  cell  metabolism  but  to  interpret  such  effects  it  is  necessary  to 
understand  what  can  happen  to  the  individual  enzymes.  These  more  com- 
plex systems  will  be  discussed  later. 

EFFECTS   OF  TEMPERATURE:    MULTIENZYME   SYSTEMS 

Although  no  quantitative  studies  of  the  effects  of  temperature  on  multi- 
enzyme  systems  have  been  done,  it  is  possible  to  formulate  certain  general 
principles  that  will  be  useful  later  in  discussing  the  work  on  cellular  meta- 
bolism. In  any  multienzyme  system  there  are  two  or  more  reactions  pro- 
ceeding simultaneously  and  the  rates  of  these  reactions  will  generally  vary 
with  temperature  in  different  ways.  The  rates  of  most  enzyme  reactions 
will  increase  with  rising  temperature  in  the  i:)hysiological  range,  but  to 
varying  degrees,  while  in  some  cases  the  rate  of  a  particular  reaction  may 
actually  decrease  due  to  the  inactivation  of  the  enzyme.  The  effects  of  tem- 
perature on  the  behavior  of  multienzyme  systems  and  on  the  response  of 
such  systems  to  inhibition  will  thus  depend  on  the  relative  changes  of  the 
individual  rates.  It  is  important  to  emphasize  that  the  rate  changes  of 
enzyme  reactions  are  related  not  only  to  the  variations  in  the  rate  constant 
k^,  and  hence  to  AH*,  but  also  to  variations  in  the  Michaelis  constant  K^^^. 
In  general  K^,^  will  change  with  temperature  according  to  the  values  of  AH^^, 
AH_^,  and  AH.^*,  corresponding  to  k^,  k^^,  and  ^-g,  but  if  it  is  the  equili- 
brium constant  for  the  ES  complex,  the  change  will  depend  on  AH^,  the 
over-all  enthalpy  change  in  the  formation  of  the  ES  complex. 
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The  behavior  of  some  of  the  multienzyme  systems  treated  in  Chapter  7 
with  respect  to  their  responses  to  variation  of  the  temperature  will  now  be 
discussed  in  general  terms. 


(A)  MonoUnear  chains.  In  the  simple  irreversible  system: 

El  Ej 

A  ->  B  ->  C 


(15-38) 


the  rate  of  formation  of  C  will  always  depend  on  the  rate  of  reaction  1  if 
the  system  is  in  a  steady  state,  and  on  the  rate  of  reaction  2  if  it  is  not 
in  a  steady  state.  Therefore,  as  long  as  the  system  remains  in  a  steady  state 
with  a  change  in  the  temperature,  the  over-all  rate  will  vary  in  the  same 
manner  as  Uj,  the  concentration  of  the  intermediate  B  adjusting  to  the  new 
conditions.  This  concentration  of  B  depends  on  K^  and  Ko.  the  Michaelis 
constants  for  E^  and  Eg,  and  on  the  ratio  VJV^  (Eq.  7-3).  A  rise  in  (B) 
will  occur  if  there  is  an  increase  in  F1/F2,  an  increase  in  K^  or  a  decrease 
in  K^  brought  about  by  the  temperature  change,  which  is  one  way  of 
stating  that  (B)  will  rise  when  reaction  1  is  accelerated  relatively  more 
than  reaction  2.  The  change  in  (B)  will  thus  depend  on  the  values  of  all 
the  activation  enthalpies  associated  with  each  rate  constant  for  each  en- 
zyme reaction.  Thus  with  regard  to  V^Vo-  the  change  with  temperature 
is  given  bv: 


exp 


zl^2*  -  AH* 
R 


(15-39) 


where  J//^*  and  J/Zg*  are  the  enthalpies  of  activation  for  the  breakdown 
of  the  ES  complexes  for  reaction  1  and  reaction  2  respectively.  The  differ- 
ence in  the  activation  enthalpies  thus  determines  the  direction  and  the  de- 
gree of  change  in  F^/Fo  and  this  is  a  major  factor  in  the  alteration  of  (B) 
following  a  variation  of  the  temperature. 

If  an  increase  in  the  temperature  speeds  reaction  1  sufficiently,  relative 
to  the  rate  of  reaction  2.  the  system  may  pass  out  of  a  steady  state.  This 
may  occur  more  readily  if  a  limit  is  imposed  on  the  degree  to  which  (B) 
may  rise.  If  the  system  leaves  the  steady  state,  the  temperature  dependence 
will  be  related  more  to  reaction  2  since  it  is  now  controlling  the  rate  of 
formation  of  C.  It  is  upon  this  basis  that  changes  in  the  temperature  char- 
acteristics have  usually  been  interpreted  and  this  problem  will  be  discussed 
in  greater  detail  later.  However,  if  the  disappearance  of  A  is  being  measured, 
such  a   shift  in  the  temperature  dependence  will  not  be  observed. 

Care  must  be  taken  in  those  cases  where  diffusion  of  the  substrate  into 
the  multienzyme  compartment  might  be  limiting  the  enzyme  rates  inasmuch 
as  the  observed  responses  to  temperature  change  may  be  related  more  to 
the  diffusion  process  than  to  the  enzyme  reactions.  It  has  often  been  assumed 
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that  diffusion  has  a  low  temperature  coefficient  but  actually  some  membrane 
diffusion  rates  have  high  activation  energies  and  are  as  sensitive  to  temper- 
ature as  are  enzyme  rates.  This  is  particularly  apt  to  be  the  case  when  the 
diffusion  is  slow  and  can  be  limiting  the  rate  of  formation  of  some  meta- 
bolic product. 

Inhibition  on  the  first  reaction  of  a  linear  sequence  will  be  affected 
by  temperature  as  described  above  and,  since  the  over-all  rate  depends 
only  on  v^  in  the  steady  state,  the  over-all  rate  will  be  affected  similarly. 
If  a  change  of  the  temperature,  however,  shifts  the  limiting  step  to  another 
reaction,  the  inhibition  may  be  markedly  modified.  For  example,  if  a  rise 
in  temperature  causes  the  system  to  leave  a  steady  state  so  that  reaction  2 
controls  the  formation  of  C,  an  inhibition  on  E2  will  be  directly  reflected 
in  d{C)ldt,  whereas  initially  such  an  inhibition  would  not  affect  d{Q)jdt 
until  reaction  2  had  been  reduced  sufficiently  to  be  limiting.  Thus  tempera- 
ture changes  can  alter  the  sensitivity  to  inhibition  of  linear  enzyme  systems 
both  by  effects  on  the  enzyme  inhibition  itself  and  by  changes  in  the  relative 
rates  of  the  reactions  involved.  Conversely,  inhibition  of  a  complex  system 
may  alter  its  sensitivity  to  temperature  variation  and  such  changes  have 
been  observed  in  cellular  studies. 

{B)  Convergent  chains.  In  treating  the  system: 

A  ^:         E. 

■)B  ^  C  (15:40) 

X  E3 

we  come  to  one  of  the  serious  difficulties  in  the  interpretation  of  tempera- 
ture effects.  If  either  of  the  feeding  reactions  to  form  B  is  speeded  rela- 
tive to  the  other,  the  rate  of  formation  of  C  will  be  changed  to  a  degree 
intermediate  between  the  changes  of  reaction  1  and  reaction  3.  If  reaction  1 
is  changed  by  a  factor  of  g-^  and  reaction  3  by  a  factor  of  g^,  since  v^  = 
v^  +  '^3  in  the  steady  state,  the  factor  ^2  ^^Y  which  the  formation  of  C  is 
changed  will  be  given  by: 

02  =  , (15-41) 

Vi  +  V3 

For  example,  if  i\  —  10  and  Vg  =  5,  and  a  change  in  temperature  brings 
about  changes  of  g^  =  2  and  g^  =  i  in  these  rates,  g.^  will  be  found  to  be 
2.67.  The  temperature  characteristics  calculated  from  the  data  derived  in 
such  systems  will  not  apply  to  any  particular  enzyme  reaction  and  will 
be  in  themselves  without  physical  meaning.  Any  effect  of  temperature  on 
V2  will  not  be  reflected  in  the  change  of  the  rate  of  formation  of  C  as  long 
as  the  system  remains  in  a  steady  state,  because  V2  is  controlled  by  the  sum 
of  the  feeding  reaction  rates.  In  cellular  metabolism  there  are  many  path- 
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ways  that  are  convergent,  as  well  as  other  types  of  multienzyme  systems 
which  behave  in  a  similarly  complex  manner,  and  this  frequently  makes 
it  impossible  to  assign  the  results  from  temperature  studies  to  any  one 
reaction  step. 

It  is  obvious  that  when  E^  is  selectively  inhibited,  the  depression  of 
the  formation  of  C  will  depend  on  the  relative  contributions  of  reaction  1 
and  reaction  3  to  the  production  of  B,  and  that  if  temperature  changes 
this  relative  contribution,  the  over-all  inhibition  will  be  altered  (Eq.  7-24). 
Inhibition  of  one  of  the  feeding  reactions  will  also  modify  the  response  of 
the  system  to  temperature  change,  since  this  response  depends  on  the  rela- 
tive contributions  of  reaction  1  and  reaction  3. 

(C)  Divergent  chains.  Here  the  result  will  depend  on  which  product  is 
determined.  A  change  of  the  temperature  may  shift  the  ratio  of  v^jv^, 
i.e.,  the  fraction  of  B  that  goes  to  each  product  may  be  changed.  It  is 

El        ^2  C 
A  ^  B  (^  (15-42) 

even  possible  that  an  increase  in  the  temperature  will  decrease  the  rate  at 
which  one  of  the  products  is  formed,  due  to  the  other  reaction  having  a 
relatively  high  temperature  coefficient.  If  one  is  primarily  interested  in 
reaction  2,  its  rate  at  the  control  temperature  is  given  by  v.2  =  i\  —  v^ 
and  at  the  altered  temperature  by  g.^v^  =  g]V■^^  —  g^v^,  assuming  a  steady 
state.  Thus  the  factor  by  which  reaction  2  is  changed  by  the  temperature 
variation  is  given  by: 

g^  =  (15-43) 

i\  -  V3 

It  is  true  that  these  relationships  are  very  simple,  and  perhaps  obvious  to 
some,  but  they  have  generally  been  ignored  by  those  studying  the  effects  of 
temperature  on  metabolism. 

If  an  inhibitor  acts  selectively  on  E3,  the  fractional  stimulation  of  Vg 
will  be  i^vjv^.  At  another  temperature  the  stimulation  of  Vg  will  be  given 
by  hg-iV^jg^v.^.  Thus  the  degree  to  which  reaction  2  is  stimulated  by  the 
inhibitor  will  depend  on  ^3/^2-  the  ratio  of  the  temperature  effects  on  these 
two  reaction  rates,  as  well  as  on  any  alteration  of  the  inhibition  of  reaction 
3  by  the  temperature  change.  The  steady  state  concentration  of  B  depends 
on  7i,  F2,  F3,  K^.  Ko,  and  K^  (Eq.  7-27)  in  the  uninhibited  system  and. 
in  addition,  on  K^  in  the  inhibited  system,  so  that  the  inhibition  of  any 
step  will  alter  (B)  to  a  degree  dependent  on  the  temperature  in  a  complex 
fashion,  since  all  of  these  constants  may  vary  with  the  temperature. 
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(D)  Polylinear  chains.  If  an  inhibitor  acts  to  varying  degrees  on  the  dif- 
ferent pathways  of  a  multishunt  system,  such  as: 


(15-44) 


it  has  been  shown  in  chapter  7  that  the  over-all  inhibition  on  the  rate  of 
formation  of  the  product  will  be  given  by: 

%  =  '     "  "  (15-45) 

^1    -t-  t'2    +   •••    +  1'n 

A  change  of  the  temperature  will  alter  the  rates  of  the  different  pathways 
to  varying  degrees  indicated  by  the  factor  g\  thus  i\  will  become  gfiV^,  etc. 
In  addition,  the  individual  inhibitions  may  change  with  temperature,  so 
that  t'l  is  now  ty,  etc.  The  over-all  inhibition  at  this  new  temperature  will 
then  be: 

(15-46) 


fi'l^^l  +  giV<,  -f  ...  -f  gnVn 


The  change  in  the  over-all  inhibition  with  temperature  will  obviously  not 
be  directly  related  to  any  single  pathway  or  individual  inhibition  and  no 
thermodynamically  significant  characteristics  may  be  obtained  from  the 
experimental  data. 

{E)  Cyclic  systems.  The  temperature  dependence  of  rates  in  cyclic  systems 
is  too  complex  to  analyze  in  detail.  Reference  to  Eqs.  7-37  and  7-38,  and 
the  use  of  the  graphical  method  outlined  in  Chapter  7,  make  possible  qual- 
itative predictions  as  to  how  the  concentrations  of  tlie  cycle  intermediates 
may  change  as  the  temperature  is  varied,  if  the  temperature  characteristics 
for  the  various  constants  are  assumed.  In  general  it  may  be  noted  that  the 
rates  in  cyclic  systems  are  not  usually  limited  by  single  reactions  and  hence 
that  the  results  from  the  variation  of  temperature  cannot  be  interpreted 
in  simple  terms. 

It  is  unnecessary  to  deal  with  any  other  multienzyme  systems  because 
the  general  conclusions  relative  to  the  effects  of  temperature  are  clearly 
illustrated  in  the  cases  discussed.  Discussions  of  multienzyme  systems  in 
the  past  have  dealt  almost  exclusively  with  monolinear  chains.  Here  it  is 
possible  to  have  a  limiting  reaction  and  the  effects  of  temj^erature  can  often 
be  related  to  this  reaction.  In  other  types  of  multienzyme  systems  this  is 
not  true  and  temperature  effects  cannot  be  attributed  to  single  reactions. 
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Certainly  most  metabolic  processes  involve  a  variety  of  multienzyme  sys- 
tems of  different  types.  Respiration  normally  is  the  over-all  result  of  en- 
zyme activity  in  monolinear  chains,  polylinear  chains,  branched  chains, 
cycles,  and  regenerative  systems  all  operating  simultaneously.  It  would 
appear  extremely  unlikely  that  the  variation  of  respiration  with  the  tem- 
perature could  be  interpreted  in  specific  terms,  or  that  temperature  char- 
acteristics could  be  assigned  to  certain  enzymes  functioning  in  the  total 
system.  The  presence  of  an  inhibitor  always  introduces  an  additional  fac- 
tor into  an  already  very  complex  situation  and  so  the  effects  of  temperature 
on  inhibition  must  also  in  the  general  case  be  considered  to  be  difficult  to 
analyze.  However,  in  some  instances  the  use  of  a  selective  inhibitor  may 
simplify  the  problem  to  some  extent.  If  certain  pathways  can  be  blocked, 
or  their  importance  in  the  over-all  process  minimized,  the  metabolic  system 
may  become  more  simple  and  the  effects  of  temperature  more  readily 
interpretable. 

One  more  temperature-dependent  characteristic  of  multienzyme  systems 
must  be  mentioned  before  proceeding  to  a  consideration  of  cellular  meta- 
bolism. When  an  inhibitor  acts  on  a  multienzyme  system  in  the  steady  state, 
it  requires  a  definite  time  for  the  system  to  reach  a  new  steady  state,  if 
such  occurs.  This  transition  time  has  been  discussed  in  Chapter  7  and  it 
was  pointed  out  there  that  in  a  monolinear  chain  the  rate  of  change  of  the 
concentration  of  the  intermediate  depends  on  the  difference  between  the 
rates  of  formation  and  utilization,  i.3.,  d{B)ldt  =  v^  —  v^.  When  i\  =  v^ 
in  the  steady  state,  d(B)jdt  =  0.  When  reaction  2  is  inhibited,  d{B)ldt  = 
^1  —  (1  —  i)v2.  A  change  in  the  temperature  will  alter  v^  to  g^v^  and  Vg 
to  g2V2,  so  that  now  d{B)jdt  =  g-i^v^  —  (1  —  '?)g2^2-  The  rate  at  which  (B) 
changes  and,  hence,  the  transition  time  will  depend  on  the  relative  effects 
of  the  temperature  change  on  i^  and  v^.  If  reaction  1  is  speeded  relative  to 
reaction  2,  the  transition  time  will  be  less  because  the  rate  of  change  of 
(B)  will  be  greater;  conversely,  if  reaction  2  is  relatively  speeded,  the  tran- 
sition time  will  be  lengthened.  These  effects  on  transition  time  may  well 
be  of  importance  in  the  effects  of  inhibitors  on  cells  and  tissues  at  different 
temperatures.  For  example,  it  is  quite  possible  that  more  damage  will  be 
done  to  a  tissue  by  an  inhibitor  if  the  metabolism  cannot  reach  a  new  steady 
state  as  rapidly. 

EFFECTS  OF  TEMPERATURE:  CELLULAR  SYSTEMS 

The  effects  of  temperature  variations  on  the  activities  of  cells  and  their 
sensitivity  to  enzyme  inhibition  are  very  complex,  since  not  only  is  the 
cell  a  summation  of  hundreds  of  enzymes  and  multienzyme  systems,  each 
responsive  in  a  characteristic  way  to  temperature,  Ijut  the  metabolic  and 
functional  activities  are  dependent  on  a  structural  organization  that  is 
also  influenced  by  temperature  changes.  A  complex  system  is  usually  more 
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unstable  than  any  of  its  constituent  parts.  Thus  proteins  are  much  more 
unstable  at  elevated  temperatures  than  are  the  amino  acids  and,  likewise, 
the  cell  is  more  unstable  than  the  enzymes  or  structural  protein  complexes 
as  the  temperature  is  raised  above  the  normal  levels.  Most  mammalian  cells 
are  seriously  disturbed  or  damaged  when  the  temperature  is  increased  more 
than  50  above  the  physiological  value.  This  instability  is  due  in  part  to 
structural  alterations  but,  more  importantly,  to  the  imbalance  in  the  over- 
all metabolic  i^attern.  Occasionally  it  is  possible  to  isolate  experimentally 
some  part  of  the  cell  metabolism  and  test  its  response  to  inhibition  and 
changes  in  the  temperature,  but  one  must  beware  of  oversimplification, 
inasmuch  as  the  various  activities  of  the  cell  are  so  closely  related.  For 
example,  it  might  seem  that  the  Ijioluminescence  system  would  provide  a 
relatively  simple  cellular  activity  to  measure,  but  here  one  is  not  only  deal- 
ing with  the  enzymes  and  pathways  involved  in  the  production  of  the  ra- 
diation, but  perhaps  also  with  the  systems  that  supply  the  energy  (respi- 
ration and  oxidative  phosphorylation),  the  systems  regulating  the  concen- 
trations of  enzymes  and  coenzymes,  and  possibly  with  structural  factors 
upon  which  the  organization  of  the  energy  flow  depends.  Despite  the  in- 
herent complexity  of  all  cellular  behavior  following  temperature  changes, 
the  problems  are  not  insuperable  if  they  are  approached  with  a  full  aware- 
ness of  this  complexity  and  a  knowledge  of  the  temperature  dependency 
of  the  component  systems. 

The  effects  of  reduced  temperatures  on  tissues  and  organs  have  recently 
become  important  as  a  result  of  the  widespread  use  of  hypothermia  in  sur- 
gery. The  responses  of  the  tissues  to  anoxia,  drugs,  and  metabolic  inhibitors 
at  these  low  temperatures  are  largely  unknown  as  yet,  but  must  eventually 
be  determined  before  we  can  thoroughly  understand  the  hypothermic  state 
and  apply  it  more  widely  to  medical  problems.  One  might  say  with  some 
justification  that  there  is  here  a  new  field  of  low-temperature  bioche- 
mistry, physiology,  and  pharmacology,  about  whicli  essentially  nothing  is 
known  at  present,  relative  to  our  knowledge  obtained  under  normothermic 
conditions. 

Factors  Related  to  Inhibition  at  the  Cellular  Level 

When  the  degree  of  inhibition  produced  by  a  certain  concentration  of 
inhibitor  on  a  metabolic  or  functional  activity  of  a  cellular  system  is  found 
to  vary  with  the  temperature,  there  may  be  many  contributing  factors  in 
addition  to  the  primary  changes  in  the  inhibition  at  the  enzyme  level.  In 
other  words,  a  cellular  system  cannot  l)e  treated  as  a  collection  of  indepen- 
dent enzyme  units  lacking  spatial  organization.  The  actions  of  an  inhibitor 
on  a  cell  may  be  conditioned  by  a  variety  of  factors  imposed  by  the  total 
structural  and  metabolic  pattern,  some  of  which  have  been  discussed  in 
Chapter  9,  and  these  factors  may  be  more  sensitive  to  temperature  changes 
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than  are  the  enzymes  themselves.  It  will  suffice  here  to  enumerate  some  of 
these  factors  as  a  basis  for  evaluating  and  interpreting  the  experimental 
results. 

Sometimes  the  rate  of  inhibition  may  be  limited  or  controlled  by  the 
diffusion  of  the  inhibitor  to  the  enzymic  site  of  its  action,  and  the  eventual 
degree  of  inhibition  may  be  determined  by  the  distribution  of  the  inhi- 
bitor between  the  extracellular  and  intracellular  phases.  When  penetration 
of  the  inhibitor  into  the  cell  is  slow,  relative  to  the  other  processes  involved 
in  the  inhibition,  the  temperature  dependence  of  the  inhibition  may  reflect 
changes  in  the  permeability  of  the  plasma  membrane  and  have  little  to  do 
with  the  kinetics  of  the  enzyme  inhibition.  Although  simple  diffusion  rates 
in  water  are  not  altered  greatly  by  changes  in  the  temperature  {Q^q  is 
usually  around  1.2  for  molecules  the  size  of  most  inhibitors),  the  rates  of 
membrane  penetration  are  frequently  quite  sensitive  to  temperature  (^^q 
often  between  2  and  4).  It  w^ould  be  predicted  that  the  lower  the  permea- 
bility to  a  substance,  the  greater  would  be  the  temperature  effect,  inas- 
much as  the  energy  barrier  for  penetration  (akin  to  the  activation  energy 
in  a  chemical  reaction)  would  he  higher  than  for  a  rapidly  penetrating  sub- 
stance. In  addition,  the  energy  barrier  may  change  with  the  temperature 
due  to  structural,  modifications  in  the  membrane.  The  temperature  charac- 
teristics (//  values,  see  page  792)  for  cell  membrane  penetration  by  electro- 
lytes or  nonelectrolytes  lie  usually  in  the  range  between  15  and  25  kcal/ 
mole  (Davson  and  Danielli,  1952;  Bowyer,  1957;  Glynn,  1957)  and  are 
quite  comparable  to  the  values  obtained  for  enzyme  rates,  cellular  meta- 
bolism, and  tissue  function.  Thus,  if  a  high  ^^q  or  temperature  character- 
istic is  found  for  the  rate  at  which  an  inhibition  develops,  one  may  not 
conclude  from  this  alone  that  the  process  is  not  limited  by  a  membrane 
penetration  step.  It  is  quite  possible  that  in  the  case  of  an  inhibitor  that 
enters  the  cell  with  some  difficulty,  a  depression  of  the  temperature  would 
soon  cause  the  rate  of  penetration  to  be  limiting;  thus,  the  temperature 
characteristics  of  the  inhibition  would  change  as  the  temperature  is  lowered. 
The  equilibrium  distribution  of  an  inhibitor  between  the  medium  and  the 
cell  interior  is  probably  not  very  sensitive  to  temperature  changes,  unless 
the  process  of  uptake  is  active  (metabolically  dependent).  Thus,  the  rates 
at  which  inhibitions  develop  in  cells  will  alter  more  with  temperature  than 
will  the  final  equilibrium  inhibition  levels. 

Cellular  metabolism  is  an  expression  of  multienzyme  systems  and  mani- 
fold enzymic  pathways.  What  has  been  said  in  the  previous  section  on  multi- 
enzyme  systems  applies  directly  to  cell  processes.  The  rate  that  is  measured 
(e.g.,  the  uptake  of  oxygen,  the  formation  of  lactate,  the  synthesis  of  pro- 
tein, or  the  disappearance  of  a  substrate)  is  often  a  composite  of  several 
rates  relating  to  different  pathways,  with  each  pathway  having  its  own 
characteristic  response  to  temperature  and  inhibition.  Much  more  com- 
plex  situations   can   occur.  Controlling  or  homeostatic  processes,  effective 
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in  making  some  adjustment  to  the  presence  of  an  inhibitor,  are  also  sen- 
sitive to  temperature  changes.  Depression  of  terminal  electron  transport 
by  an  inhibitor  such  as  cyanide  brings  about  a  complex  sequence  of  changes 
in  the  levels  of  adenine  nucleotides,  which  in  turn  accelerates  the  rates  of 
certain  processes  that  tend  to  antagonize  the  respiratory  depression.  All 
of  these  adjustments  and  their  effectiveness  will  be  altered  by  a  variation 
in  the  temperature.  Both  inhibitory  and  the  related  adaptive  processes 
change  with  temperature  and  the  over-all  result  will  not  be  readily  inter- 
pre table. 

Another  factor  that  must  be  considered  in  certain  experiments  is  the 
effect  of  temperature  on  the  concentrations  of  the  enzymes  and  coenzymes 
in  the  cells.  The  enzyme  concentration  will  often  depend  on  the  balance 
between  the  rates  of  formation  and  destruction,  since  there  is  a  constant 
turnover  of  most  enzymes.  The  reactions  may  be  written  as: 

E^  ^  E  ^  E,  (15-47) 

where  E^  is  a  precursor  of  the  enzyme,  E  is  the  catalytically  active  enzyme, 
and  Ej  is  the  inactive  product  of  some  process  destroying  the  enzyme.  The 
level  of  (E)  is  important  in  determining  the  rate  of  the  reaction  this  enzyme 
catalyzes  and  may  be  altered  by  tem]3erature  if  the  rates  of  the  two  reactions 
are  modified  by  temperature  to  different  degrees.  With  regard  to  inhibition, 
such  changes  in  (E)  would  be  esiiecially  important  in  the  study  of  very  po- 
tent inhibitors  where  the  kinetics  are  those  of  zone  B  or  zone  C  of  mutual 
depletion  systems.  The  same  principles  would  apply  to  coenzymes,  such  as 
the  diphosphopyridine  and  flavin  adenine  nucleotides. 

Certain  metabolic  processes  appear  to  be  organized  on  a  structural  basis, 
the  rapid  rates  and  high  efficiency  arising  from  the  compartmentalization 
of  the  'participating  enzymes.  Almost  nothing  is  known  of  the  effects  of 
temperature  changes  on  such  structures,  except  that  the  instability  in- 
creases at  both  low  and  high  temperatures,  and  nothing  at  all  is  known  of 
how  this  may  be  related  to  the  sensitivity  to  an  inhibition.  Work  with  iso- 
lated mitochondria  has  shown  that  the  metabolic  characteristics  are  in- 
timately correlated  with  the  structural  integrity,  and  it  is  very  likely  that 
the  response  to  an  inhibitor  will  likewise  be  structure-dependent. 

Finally,  one  may  look  at  the  situation  in  a  more  general  way.  The  meta- 
bolic and  functional  operation  of  a  cell  occurs  optimally  only  over  a  rather 
narrow  temperature  range.  Outside  this  range  the  cell  becomes  progressively 
more  deranged  or  damaged  as  the  temperature  is  lowered  or  raised.  It  is 
thus  possible  that  in  general  a  cell  is  most  resistant  to  the  detrimental  ef- 
fects of  inhibitors  in  this  optimal  physiological  range.  It  is  here,  perhaps, 
that  the  cell  is  most  nicely  balanced  and  has  the  greatest  buffer  capacity 
against  metabolic  disturbance.  A  cell  that  is  already  abnormal  because  of 
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an  unfavorable  temperature  shift  will  usually  be  less  able  to  withstand  the 
additional  effects  of  an  inhibitor.  This  applies  not  to  the  direct  primary 
actions  of  the  inhibitor  but  to  the  eventual  over-all  changes  upon  which  the 
survival  of  the  cell  depends.  A  culture  of  bacteria  whose  normal  tempera- 
ture range  is  near  37°  may  be  very  unstable  near  47°.  A  further  increase  of 
the  temperature  to  50°  may  produce  a  rapid  drop  in  the  cell  count.  Now, 
it  would  be  expected  that  an  inhibitor  affecting  some  vital  pathway  in 
these  cells  would  be  more  effective  in  killing  the  bacteria  at  47°  than  at 
37°.  Exceptions  to  this  rule  would  be  anticipated,  especially  at  reduced 
temperatures,  because  other  factors,  such  as  a  slower  rate  of  inhibition, 
would  also  be  important. 

Dependence  of  Respiratory  Inhibition  on  Tennperature 

The  oxygen  uptake  of  most  cells  is  made  up  of  contributions  from  several 
different  pathways.  Endogenous  respiration  particularly  usually  involves 
the  oxidation  of  many  substrates,  sometimes  by  the  same  and  sometimes 
by  different  electron-transport  chains.  The  utilization  of  glucose  by  the 
Embden-Meyerhof  glycolytic  pathway  and  the  tricarboxylic  acid  cycle 
provides  at  least  six  different  substrates  for  oxidation,  while  the  addition 
of  the  pentose-phosphate  shunt  would  bring  in  other  oxidations.  Almost 
every  type  of  multienzyme  system  is  operative  in  normal  respiration  and, 
furthermore,  operating  not  in  isolation  but  linked  together  in  various  ways. 
Not  only  are  there  pathways  for  the  degradations  of  the  substrates  and  the 
oxidation  of  the  intermediates,  but  there  are  also  the  many  reactions  in- 
volving phosphate  that  are  closely  coupled  to  the  total  respiratory  system. 
Then  there  are  fatty  acids  and  amino  acids  and  other  substrates  being  bro- 
ken down  and  oxidized  by  pathways  that  occasionally  are  confluent  with 
those  of  carbohydrate  metabolism,  or  which  terminate  in  common  channels. 
The  respiratory  mechanism  alone  may  be  thought  of  as  a  kind  of  super- 
multienzyme  system,  the  kinetics  of  which  would  be  inexpressible  by  our 
present  formulations. 

The  effects  of  temperature  on  cellular  respiration  have  been  studied 
for  many  years  and  the  results  have  often  been  interpreted  in  terms  of 
single  enzyme  reactions  on  the  basis  of  the  theory  of  limiting  or  master 
reactions.  We  have  noted  that  this  concept  has  very  limited  applicability 
(Chapters  7  and  9)  and  when  applied  to  something  as  complex  as  respira- 
tion, one  is  justified  in  maintaining  a  critical  attitude.  It  has  been  demons- 
trated many  times  by  Britton  Chance  (e.g.  Chance  and  Hess,  1959)  that 
there  are  multii)le  controls  of  respiration  and  that  under  various  conditions 
the  rates  are  limited  by  different  reactions,  even  in  single  electron-transport 
chains.  The  over-all  rate  of  oxygen  uptake  as  a  result  of  tricarboxylic  acid 
cycle  activity  may  likewise  be  limited  by  several  steps  (Montgomery  and 
Webb,  1956).  When  parallel  pathways  are  simultaneously  operating,  as  is 
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usudl  is  respiration,  it  is  extremely  difficult  to  attribute  the  over-all  rate 
to  any  one  i)rocess.  The  change  in  the  rate  with  tem])erature  can  thus  not 
be  interpreted  directly. 

The  presence  of  an  inhibitor  will  modify  the  respiratory  pattern  in  a 
complex  fashion,  even  though  the  inhibition  is  specific  on  a  single  type  of 
enzyme.  The  effects  of  temperature  changes  on  this  inhibition  may  be 
attributed  to  a  variety  of  factors,  some  of  which  have  been  discussed  above. 
In  many  cases,  the  effect  will  have  little  or  nothing  to  do  with  the  primary 
inhibition.  For  example,  if  the  inhibitor  acts  on  one  of  several  parallel 
pathways,  a  change  in  the  temperature  may  either  increase  or  decrease  the 
over-all  inhibition  depending  on  the  relative  sensitivities  of  these  pathways 
to  temperature.  When  a  noninhibited  pathway  has  a  relatively  high  tem- 
perature coefficient,  a  rise  in  temperature  will  lead  to  a  greater  contribution 
by  this  pathway  and  the  inhibition  may  l)e  reduced,  this  effect  having  noth- 
ing to  do  with  the  possible  changes  in  the  inhibition  itself,  and,  in  fact, 
being  superimposed  upon  it.  Such  interpretations  as  have  been  made  of  the 
rise  in  the  inhibition  of  RhizohitDn  respiration  by  urethane  as  the  temper- 
ature is  increased,  this  being  attributed  to  a  facilitation  of  enzyme  inac- 
tivation,  must  be  critically  examined  (Koffier  et  al.,  1947).  Many  other  fac- 
tors should  be  eliminated  before  the  results  can  be  related  to  only  a  single 
process.  •  Respiration  has  been  used  here  as  an  example  of  any  complex 
metabolic  activity  of  the  cell  and  the  same  principles  would  apply  to  all. 

Naturally  Occurring   Heat-Labile   Enzyme   Inhibitors 

It  has  been  found  that  certain  intracellular  enzymes  become  much  more 
active  as  the  temperature  is  raised,  this  occurring  rather  suddenly  over  a 
small  temperature  range  and  with  a  temperature  coefficient  higher  than 
would  be  expected  for  any  enzyme  reaction.  Indeed,  these  enzymes  appear 
to  be  completely  inactive  at  the  normal  temperature.  The  mechanism  of 
this  "heat  activation"  of  enzymes  was  elucidated  by  Swartz  et  al.  (1957) 
for  the  DPN-pyrophosphatases  of  certain  bacteria  (  Proteus  species,  My- 
cohacteriiuH  hutyricum,  Bacillus  subtilis,  and  Staphylococcus  aureus).  These 
enzymes  when  extracted  from  the  cells  are  inactive  and  become  active 
when  the  temperature  rises  above  40^.  This  is  due  to  the  destruction  of 
a  natural  inhibitor  at  these  higher  temperatures.  These  inhibitors  are  prob- 
ably protein  and  within  the  normal  cells  are  bound  to  the  enzymes  quite 
tightly. 

It  is  not  known  how  widespi'ead  this  phenomenon  may  be,  nor  if  it  occurs 
in  cells  other  than  bacteria.  Certainly  many  naturally  occurring  inhibitors 
for  a  wide  variety  of  enzymes  have  been  demonstrated  and  it  is  quite  possi- 
ble that  these  inhibitors,  or  at  least  the  combination  with  the  enzymes, 
may  be  sensitive  to  temperature  changes.  Such  behavior  would  be  of  im- 
portance in  the  response  of  cells  to  inhibitors  and  the  variation  of  this  in- 
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hibition  with  temperature.  It  may  be  that  some  inhibitors  would  become 
effective  only  at  those  temperatures  at  which  the  enzymes  acted  upon  were 
catalytically  functional. 

Dependence  of  the  Inhibition  of  Cell  Function  on  Temperature 

It  is  generally  true  that  the  higher  the  level  of  functional  activity  of 
a  cell,  the  more  readily  is  this  function  depressed  by  an  enzyme  inhibitor 
(Chapter  9,  page  464).  Thus  a  muscle  or  a  nerve  will  become  more  sensi- 
tive to  metabolic  depression  when  it  is  stimulated  more  rapidly.  It  has 
frequently  been  assumed  that  similar  relations  hold  when  the  cell  function 
is  altered  by  changes  in  the  temperature.  A  cell  or  tissue  whose  functional 
activity  has  been  depressed  by  a  reduction  in  the  temperature  would  then 
be  expected  to  withstand  inhibition  better  than  at  the  normal  temperature 
because  the  metabolic  energy  requirement  for  the  function  is  less.  However, 
the  situation  is  somewhat  different  from  that  in  which  the  function  has 
been  modified  independently  of  the  metabolism.  When  a  muscle  is  stimu- 
lated at  a  lower  frequency,  the  metabolism  and  levels  of  high-energy  phos- 
phate are  not  directly  affected;  if  they  change,  it  is  a  secondary  result  of 
the  altered  functional  activity.  Whereas  when  the  temperature  is  reduced, 
the  metabolic  systems  concerned  with  the  formation  and  utilization  of 
high-energy  phosphate  are  simultaneously  reduced  with  the  function.  In 
fact,  the  depression  of  functional  activity  by  a  fall  in  the  temperature  may 
be  due  to  the  metabolic  slowing.  There  is  some  evidence  for  this  in  the 
similarity  of  the  temperature  characteristics  for  both  respiration  and  func- 
tion in  a  variety  of  cells,  but  this  evidence  is  very  tenuous.  In  any  event, 
when  both  function  and  the  energy-supplying  processes  decrease  simulta- 
neously, the  energy  requirement  relative  to  the  rate  of  energy  formation 
need  not  become  less.  However,  it  may  well  take  longer  for  an  inhibition 
to  depress  function  because  the  availal^le  high-energy  phosphate  will  be 
utilized  more  slowly. 

An  interesting  situation  may  arise  when  the  rate  at  which  a  function 
proceeds  is  directly  correlated  with  the  level  of  some  high-energy  compound, 
such  as  ATP.  Under  normal  conditions  the  concentration  of  ATP  may 
be  near  the  optimal  value  and  an  increase  will  bring  about  no  augmenta- 
tion of  the  function.  The  presence  of  an  inhibitor  may  reduce  the  ATP 
concentration  so  that  the  functional  activity  occurs  more  slowly.  If  the 
temperature  is  now  increased,  the  level  of  ATP  may  rise  and  the  function 
may  be  at  least  partially  restored.  The  degree  of  inhibition  observed  will 
depend,  therefore,  on  the  two  relationships  —  the  cellular  activity  as  a 
function  of  the  iVTP  concentration  and  the  ATP  concentration  as  a  func- 
tion of  the  temperature  —  and  the  effects  of  an  inhibitor  on  each.  In 
most  cases,  however,  the  functional  processes  will  themselves  be  sensitive 
to  temperature  changes. 
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When  a  function  is  not  directly  or  immediately  dependent  on  the  ATP 
concentration,  as  conduction  in  a  nerve  axon,  the  effects  of  temperature 
changes  will  be  mainly  on  the  functional  system;  in  the  case  of  the  nerve 
axon,  on  the  rates  of  movements  of  ions  across  the  membrane.  However, 
if  one  is  determining  the  length  of  time  required  for  the  function  to  fail, 
this  will  be  dependent  to  some  extent  on  the  rates  of  formation  and  utili- 
zation of  ATP.  If  the  temperature  is  raised  so  that  the  level  of  ATP  is 
slowly  falling,  the  addition  of  an  inhibitor  that  depresses  ATP  formation 
will  accelerate  the  decline  of  the  function  and  shorten  the  interval  before 
the  eventual  failure.  An  inhibitor  like  this  will  thus  be  more  effective  under 
conditions  in  which  there  is  an  imbalance  in  the  high-energy  metabolism, 
and  such  imbalances  frequently  occur  at  abnormal  temperatures. 

These  miscellaneous  remarks  about  functional  inhibition  are  meant  only 
to  supplement  the  more  detailed  discussion  in  Chapter  9  and  to  provide 
some  basis  for  the  actual  examples  to  be  presented  shortly. 

Dependence  of  Anoxic  Effects  on  the  Temperature 

The  changes  produced  by  hypoxia  or  complete  anoxia  of  cells  are  basically 
very  much  like  those  brought  about  by  certain  inhibitors  that  depress 
oxidations.  A  good  deal  of  study  has  been  devoted  recently  to  the  effects 
of  anoxia  at  subnormal  temperatures  because  of  the  use  of  hypothermic 
procedures  in  cardiac  surgery.  The  primary  object  in  hypothermia  is  to 
reduce  the  functional  activities  of  certain  tissues  in  order  that  short  per- 
iods of  anoxia  will  not  be  permanently  damaging.  If  the  circulation  to 
the  brain  is  interrupted  for  a  period,  it  is  postulated  that  the  brain  will 
survive  this  period  of  anoxia  better  when  the  tissue  is  cooled,  and  the  suc- 
cess of  such  procedures  is  good  evidence  that  this  can  be  achieved.  It  has 
also  been  demonstrated  in  animals  that  hypothermia  reduces  the  central 
nervous  system  damage  brought  about  by  periods  of  ischemia.  These 
studies  have  bearing  on  the  effects  of  inhibition  at  reduced  temperatures 
and  a  brief  discussion  of  some  of  the  principles  involved  may  not  be  out 
of  place. 

Actually  a  clear  distinction  must  be  made  between  the  functional  acti- 
vities of  a  tissue  and  the  processes  that  are  responsible  for  the  maintenance 
of  the  integrity.  In  practical  hypothermia  the  effects  on  brain  or  other 
tissue  function  are  not  important;  it  is  primarily  a  matter  of  the  pro- 
tection against  irreversible  damage  to  the  tissue.  The  time  element  is 
thus  of  major  importance.  When  a  tissue  is  deprived  of  oxygen,  a  sequence 
of  events  occurs  that  is  initiated  by  the  depression  of  oxidative  metabolism. 
This  sequence  undoubtedly  involves  progressively  a  larger  and  larger  num- 
ber of  cellular  events,  including  electrolyte  shifts,  destruction  of  certain 
coenzymes,  changes  in  permeability,  and  dissolution  of  cell  structure  and 
organization.  At  some  point  these  processes  begin  to  be  irreversible  and, 
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after  an  interval  that  depends  on  the  type  of  cell  and  the  temperature, 
the  cell  will  be  unable  to  recover  when  oxygen  is  again  supplied. 

The  detrimental  processes  that  occur  during  anoxia  proceed  at  slower 
rates  when  the  temperature  is  lowered  and  hence  the  interval  required 
for  irreversible  damage  is  lengthened.  Fundamentally  the  same  damage 
will  be  produced  by  anoxia  under  normothermic  or  hypothermic  conditions, 
but  the  times  necessary  to  reach  a  given  level  of  disturbance  will  be  different. 
It  is  evident  that  this  may  be  unrelated  to  effects  on  tissue  function;  that 
is,  hypothermia  may  protect  against  anoxic  damage  but  will  not  necessarily 
decrease  the  effects  of  anoxia  on  cellular  activity.  Similar  reasoning  may 
be  applied  to  the  actions  of  certain  inhibitors. 

Both  hypothermia  and  anoxia  alone  cause  a  decrease  in  the  K/Na  ratio 
of  muscle  cells  (Gollan,  1956,)  but  together  there  is  essentially  no  change. 
In  atria  the  drop  of  the  K/Na  ratio  is  faster  under  both  conditions,  and 
when  the  tissue  is  both  anoxic  and  hypothermic  the  rate  of  decrease  is 
less  than  during  anoxia  alone.  Since  the  K/Na  ratio  is  not  only  indicative 
of  disturbances  in  ion  transport  but  also  is  important  in  determining  the 
physiological  changes  that  occur,  these  results  provide  some  experimental 
evidence  for  the  protection  afforded  by  hypothermia.  When  the  K/Na 
ratio  falls  to  a  sufficiently  low  level,  the  operation  of  the  sodium  pump 
or  the  selective  permeability  properties  of  the  membrane  are  irreversibly 
altered  so  that  recovery  does  not  occur  upon  reintroduction  of  oxygen. 

The  respiration  of  several  mammalian  tissues  at  20°  is  approximately 
30%  of  what  it  is  at  37°  (Fuhrman,  1956).  The  functional  activities  of  tis- 
sues or  whole  organisms  often  change  with  temperature  to  about  the  same 
degree  as  the  respiration  (Crozier,  1924).  However,  the  situation  is  some- 
times more  complex  and  the  various  functions  of  a  single  tissue  may  be 
modified  by  temperature  changes  in  quite  different  ways.  The  heart  may 
be  taken  as  an  example  (Hoffman,  1956;  Brooks,  1956).  The  rate  of  the 
heart  beat  will  usually  drop  to  a  level  between  15-25%  as  the  temperature 
is  decreased  from  37°  to  20°;  for  the  isolated  rabbit  atrium  the  fall  is  to  18% 
of  the  rate  at  body  temperature  (Webb.  1950  b).  The  rate  of  impulse  con- 
duction over  the  myocardium  generally  decreases  even  more.  In  the  rat 
atrium  the  conduction  rate  at  20°  is  only  7%  of  the  normal  value  (Hol- 
lander and  Webb,  1955).  On  the  other  hand  the  contractile  tension  may 
rise  as  much  as  45%  as  the  cardiac  tissue  is  cooled  to  the  same  degree, 
even  though  the  rate  of  beating  is  kept  constant  by  electrical  stimulation 
(Hollander  and  Webb,  1955).  The  resting  membrane  potential  of  rat  atrium 
increases  around  28%  upon  cooling  to  20^.  while  the  magnitude  of  the 
action  potential  is  not  significantly  altered,  although  the  action  potential 
may  be  greatly  prolonged  due  to  slower  rates  of  depolarization  and  repo- 
larization. In  this  tissue  a  change  of  the  temperature  thus  brings  about  a 
variety  of  effects  and  it  is  obvious  that  there  is  no  necessary  correlation 
between  metabolic  and  functional  variations.   One  might  conclude  from 
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these  results  that  the  myocardium  at  20°  while  beating  spontaneously 
will  not  suffer  from  a  significant  discrepancy  between  the  energy  require- 
ments for  function  and  the  metabolic  supply,  since  the  rate  of  beating 
will  decrease  markedly,  but  that  when  the  heart  is  driven  at  a  constant 
rate,  there  will  be  a  greater  energy  requirement  coupled  with  a  smaller 
supply.  In  the  latter  case  the  tissue  may  become  more  sensitive  to  anoxia 
or  metabolic  inhibitors,  while  in  the  former  case  there  would  be  no  neces- 
sary change  due  to  these  factors  alone.  These  points  have  been  brought 
out  to  emphasize  that  it  is  dangerous  to  make  generalizations  regarding 
the  relative  behaviors  of  metabolism  and  function,  and  from  these  gener- 
alizations to  draw  conclusions  as  to  the  responses  of  tissues  to  anoxia  or 
inhibitors  at  different  temperatures.  It  is,  perhaps,  especially  unjustified 
to  state  a  priori  that  the  sensitivity  of  a  tissue  function  to  metabolic  depres- 
sion will  be  less  at  a  lower  temperature  on  the  basis  of  a  lessened  energy 
requirement. 

Very  few  quantitative  studies  have  been  made  of  the  effects  of  anoxia 
as  they  are  modified  by  temperature  changes.  The  work  of  Fuhrman  et 
(il.  (1950)  is  interesting  in  this  connection.  The  respiration  of  rat  ventricle 
slices  was  determined  in  100%  oxygen,  then  in  10%  oxygen,  and  again 
in  100%  oxygen,  both  at  37. 7°  and  15°.  At  37. 7^  the  respiration  decreased 
45.5%  when  the  pure  oxygen  was  replaced  with  10%  oxygen,  while  at  15^ 
the  decrease  was  only  17.6%.  Recovery  in  100%  oxygen  at  37.7*^  was 
54.6%  and  at  15°  it  was  82.3%.  Thus  anoxia  was  less  effective  in  depressing 
the  myocardial  respiration  at  15°  than  at  37.7°,  and  the  irreversible  changes 
that  occurred,  whereby  the  respiration  could  not  be  restored  to  its  original 
level,  were  less  at  the  lower  temperature.  It  may  be  noted  that  the  control 
respiration  at  15^  is  about  20%  of  that  at  37.7°.  A  possible  explanation  for 
the  less  hyijoxic  depression  at  15°  would  be  that  different  fractions  of  the 
total  respiration  show  differing  sensitivities  to  lowered  oxygen  tension, 
and  that  a  fall  in  the  temperature  allows  the  more  resistant  type  of  respi- 
ration to  become  relatively  more  important.  However,  as  pointed  out  ear- 
lier in  this  chapter,  the  control  of  respiratory  rate  may  be  so  complex  that 
it  is  useless  to  attempt  an  explanation  without  mucli  more  knowledge  than 
we  possess  at  present. 

Examples  of  Temperature  Effects  on  Cellular   Inhibitions 

(A)  Respiratory  inhibition  by  cyanide.  The  effect  of  cyanide  on  the  respi- 
ration of  frog  muscle  varies  with  tlie  temperature  in  an  interesting  fashion 
(Ellinger,  1924).  At  cyanide  concentrations  around  1  mJ/,  the  respiratory 
inhibition  changes  very  little  between  20°  and  40°  (Fig.  15-7)  but  as  the 
concentration  of  cyanide  is  increased  there  is  a  progressively  greater  fall 
in  the  inhibition  at  the  liigh  temperatures.  Indeed,  above  5  \\\M  the  in- 
hibition begins  to  be  reversed  at  all  the  temperatures.  These  results  may  be 
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interpreted  on  the  basis  of  two  antagonistic  actions  of  cyanide:  there  is 
the  usual  block  of  oxidations,  leading  to  an  almost  complete  suppression 
of  respiration  at  4.5  mM,  and  there  is  the  oxidation  of  the  cyanide  itself 
by  the  muscle  preparation.  As  the  cyanide  concentration  becomes  higher, 
the  oxygen  consumption  due  to  its  own  oxidation  begins  to  overshadow 
the  respiratory  depression.  Furthermore,  the  temperature    coefficient   of 


+  100 


Fig.  15-7.  Effects  of  temperature  on  the  inhibitions  of 
frog  muscle  respiration  joroduced  by  different  concen- 
trations of  cyanide.  The  figures  on  the  curves  are  cya- 
nide concentrations  in  millimolar.  (From  Elhnger,  1924.) 


the  cyanide  oxidation  is  presumably  high  so  that  this  reaction  is  partic- 
ularly dominant  at  the  higher  temperatures.  These  experiments  well 
illustrate  the  complex  behavior  of  a  system  wherein  more  than  one  effect 
of  the  inhibitor  is  observed.  They  also  emphasize  the  necessity  of  consid- 
ering the  metabolism  of  the  inhibitor  in  studies  of  this  type. 

The  inhibition  of  trypanosome  respiration  by  cyanide  has  been  claimed 
to  be  independent  of  temperature  variations  (Brand  and  Johnson,  1947) 
but  if  the  results  in  all  the  species  studied  are  averaged,  it  may  be  seen 
that  there  is  quite  constantly  a  small  increase  in  the  inhibition  as  the  tem- 
perature is  raised  from  28. 5^  to  37.5°.  At  1  mM  cyanide  the  mean  increase 
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in  the  inhibition  over  this  ranj^e  is  about  7%.  Unfortunately,  the  concen- 
trations of  cyanide  used  were  strongly  inhibitory  —  the  average  inhibition 
for  five  species  at  28. 5^  was  87%  with  1  niM  cyanide  —  so  that  changes 
due  to  temperature  variation  would  not  be  so  marked  as  they  might  have 
been  if  the  inhibition  had  been  around  50%  or  lower.  In  some  species  only 
stimulation  of  the  respiration  by  cyanide  was  observed  and  in  these  cases 
a  rise  in  temjjerature  usually  increased  the  stimulation  significantly;  for 
example,  in  Trypcuiosoina  equipenlum,  1  \\\M  cyanide  stimulated  5%  at 
28.50  and  52%  at  37.5°.  Whether  this  stimulation  is  the  result  of  the  me- 
tabolism of  cyanide  is  not  known. 

It  may  be  noted  that  a  rise  in  the  temperature  slightly  decreased  the 
cyanide  inhibition  of  frog  muscle  and  slightly  increased  the  inhibition  of 
trypanosomes.  The  effects  of  the  temperature  will  depend  not  only  on  the 
temperature  sensitivity  of  the  respiratory  inhibition,  but  also  on  the  be- 
havior of  the  cyanide-resistant  fraction  of  the  respiration.  It  is  quite  likely 
that  tlie  ratio  between  the  sensitive  and  resistant  fractions  of  respiration 
will  change  with  temperature.  The  control  respiration  of  the  frog  muscle 
preparation  rose  from  49.1  at  20^  to  83.7  at  30°  and  then  fell  to  29.9  at 
40°.  It  would  be  surprising  if  the  character  of  the  respiration  did  not 
also  change  over  this  range.  That  is  to  say,  the  changes  observed  here 
cannot  be  immediately  attriljuted  to  the  temperature  dependence  of  the 
inhil)ition  of  cytochrome  oxidase  by  cyanide. 

{B)  Respiratory  stimulation  by  'lA-dinitiophcnol.  The  respiratory  stimu- 
lation induced  by  2,4-dinitroplienol  (DNP)  as  a  result  of  its  uncoupling  of 
oxidative  phosphorylation  has  been  found  to  be  related  to  the  temperature. 
Early  work  had  shown  that  the  calorigenic  action  of  DNP  in  wliole  animals 
was  decreased  by  exposure  to  cold  (Giaja  and  Dimitrijevic,  1933;  Tainter, 
1934)  but  it  was  subsequently  demonstrated  that  DNP  depressed  shivering 
and  other  responses  to  cold  exposure,  and  when  this  was  corrected  for,  it 
was  found  that  the  calorigenic  action  of  DNP  was  increased  during  hypo- 
tliermia  (Hall  et  al.,  1937).  In  the  intact  animal  there  are  many  factors  that 
may  be  involved,  such  as  the  release  of  epinephrine  and  the  altered  activ- 
ities of  the  nervous  system.  Thus  Fuhrman  and  Field  (1942)  investigated 
the  action  of  DNP  on  tlie  respiration  of  tissue  slices  in  order  that  these 
other  factors  might  be  eliminated.  The  stimulation  ratio  for  cerebral  cor- 
tex and  kidney  cortex  is  plotted  in  Fig.  15-8  as  a  function  of  the  tempera- 
ture, the  DNP  concentration  being  kept  constant  at  0.0335  mM.  In  both 
tissues  the  stimulation  is  maximal  at  a  certain  temperature  —  22°  for 
kidney  and  32^  for  brain  —  and  disappears  as  the  temperature  rises  above 
40°.  The  fall  with  temperature  increase  might  be  readily  interpreted  as 
resulting  from  the  acceleration  of  the  control  respiration  to  the  point  where 
it  is  not  being  limited  by  the  phosphorylation  reactions,  but  the  decrease 
at  low  temperatures  is  more  difficult  to  understand.  However,  one  cannot 
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consider  onlj'  the  electron-transport  systems  with  their  associated  phospho- 
rylations, but  also  the  many  other  factors  controlling  respiratory  rate  and 
the  level  of  phosphate  acceptors  in  the  cells.  It  would  be  very  informative 
to  know  the  P  :  0  ratios  for  both  normal  and  DNP-treated  preparations 
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Fig.  15-8.  Effects  of  temperature  on  the  stimulation  of 
tissue  slice  respiration  by  0.0335  mM  mM  2,4-dinitro- 
phenol.  The  stimulation  ratio  is  Qo^(DXP)/$o,  (control). 
The  curves  are  plotted  from  the  data  of  Furhman  and 
Field  (1942)  and  are  approximate. 


at  the  different  temperatures,  and  also  the  levels  of  the  various  nucleotides. 
A  knowledge  of  the  effects  of  temperature  on  DNP  uncoupling  in  simpler 
subcellular  systems  would  also  be  useful  in  understanding  the  mechanisms 
involved. 

(C)  Inhibition  of  bacterial  luminescence.  The  most  quantitative  studies 
of  temperature-dependent  metabolic  inhibitions  have  been  done  on  the 
bioluminescence  of  certain  bacteria  by  Johnson  and  his  co-workers  at 
Princeton  during  the  decade  of  1942-1952.  The  results  have  been  uniformly 
interpreted  on  the  basis  of  two  major  temperature-dependent  effects:  the 
usual  rise  in  reaction  rates  with  increasing  temperature  and  the  equilibrium 
between  active  and  inactive  enzymes.  The  maxima  in  the  rate-tempera- 
ture curves  are  considered  to  represent  a  balance  between  these  two  factors 
—  below  the  optimal  temperature  the  enzymes  are  mainly  in  the  active 
forms  and  the  rate  varies  with  the  temperature  in  the  classic  way,  while 
above  the  optimal  temperature  the  inactivation  or  reversible  denaturation 
of  the  enzymes  becomes  more  important.  The  relations  between  inhibition 
and  the  temperature  are  usually  ascribed  to  the  effects  of  the  inhibitor  on 
the  equilibrium  between  active  and  inactive  forms.  Thus,  if  the  inhibitor 
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lowers  the  optimal  temperature,  it  is  believed  to  combine  predominantly 
with  the  denatured  form  of  the  enzyme  or  to  favor  denaturation.  Inhibitors 
are  classified  into  two  general  types  on  this  basis.  Type  I  inhibitors  combine 
with  both  E^  and  E^^  while  type  II  inhibitors  combine  only  with  E^^.  Such 
types  of  inhibition  and  the  interpretation  of  temperature  optima  for  pure 
enzymes  have  been  discussed  earlier  in  this  chapter.  It  was  pointed  out 
there  that  even  for  these  relatively  simple  systems  it  is  impossible  to  con- 
clude from  a  shift  in  the  T^^^  that  only  the  E^  ^  E^^  equilibrium  has  been 
affected.  It  is  much  less  likely  that  in  complex  cellular  metabolism  a  simple 
inactivation  of  an  enzyme  is  determining  the  Tg,,,.  It  was  also  made  clear 
that  it  is  not  as  easy  as  some  imagine  to  designate  which  form  of  the 
enzyme  combines  with  the  inhibitor  from  temperature  data  alone.  Many 
things  might  happen  within  a  cell  as  the  temperature  rises  which  would 
decrease  the  rate  of  some  metabolic  process,  and  in  such  cases  the  T^^^ 
would  not  be  directly  related  to  the  denaturation  of  enzymes,  and  the 
shifts  in  the  T^p^  brought  about  by  inhibitors  would  not  be  interpretable 
as  effects  on  denaturation. 

The  bioluminescence  in  Achromobacter  is  inhibited  strongly  by  HgClg 
and  the  T^p;  is  shifted  1°  to  2°  lower  (Houck,  1942).  The  inhibition  also  be- 
comes greater  as  the   temperature   increases   (Fig.    15-9).   These   results. 
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Fig.  15-9.   Effects  of  temperature   on  the  inhibition 

of  bioluminescence  in  Achromobacter  by  HgClj.  The 

curves  are  calculated  from  activity  curves  presented 

by  Houck  (1942)  and  are  approximate. 


coupled  with  the  known  denaturing  action  of  HgClg,  were  taken  to  indicate 
that  the  denaturation  of  some  enzyme  involved  in  the  luminescence  was 
favored  by  the  HgClg.  Before  this  explanation  could  be  accepted,  it  would 
have  to  be  shown  that  the  simple  inhibition  of  the  enzyme  (that  is,  the 
reaction  of  the  HgCL  with  the  sulfhydryl  groups  of  the  enzyme)  does  not 
increase  with  rising  temperature  to  the  degree  observed.  It  is  often  difficult 
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experimentally  to  distinguish  between  ordinary  enzyme  inhibition  and 
denaturation  of  the  enzyme  by  the  inhibitor.  If  the  depression  of  the  ac- 
tivity is  reversible  by  some  means,  the  proponents  of  the  theory  of  denatu- 
ration would  say  that  the  denaturation  is  reversible.  Inasmuch  as  combi- 
nation of  the  inhibitor  with  the  active  center  of  the  enzyme  is  sufficient  for 
inhibition,  it  is  apparent  that  the  burden  of  proof  for  the  occurrence  of 
denaturation  is  on  those  who  propose  it  is  an  important  factor. 

The  inhibitions  of  bacterial  luminescence  by  sulfanilamide  and  urethane 
show  quite  different  temperature  characteristics  (Johnson  et  cd.,  1943). 
The  inhibitions  observed  in  Vibrio  phosphorescens  and  Photohacterium 
pJiosplwreum  are  plotted  in  Fig.  15-10  (the  data  may  be  found  in  Table 


1  .'m' 

0.8 

- 

y^    O 

0.6 

- *  -                                  \v 

^/o 

0.4 

o 

"-\ 

^ 

0.2 

. 

»  " 

0 

1                           1                           1 

1 

1 

20°  25°  30°  35' 

Fig.  1.5-10.  Effects  of  temperature  on  the  inhibitions  of  bacterial  kiminescence 

by  sulfanilamide  (X)  and  urethane  (O).  The  solid  curves  are  for  V .  pliosphorescens 

and  the  dashed  curves  for  P.  phosphoreum.  Concentrations:  sulfanilamide  3  mM 

and  urethane  150  miVf.  (From  Johnson  et  al.,  1943.) 

10-1)  and  it  is  evident  that  sulfanilamide  inhibition  falls  and  urethane 
inhibition  rises  with  an  increase  in  the  temperature.  Furthermore,  the 
Topi  for  luminescence  is  shifted  upward  by  sulfanilamide  and  downward 
by  urethane  (Johnson  et  al.,  1945).  Urethane  at  300  mM  shifts  the  T„pi 
from  32°  to  IJo  in  V.  phosphorescens  and  from  23°  to  17^  in  P.  phosphoreum 
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(Fig.  15-11).  These  results  have  led  to  the  hypothesis  that  sulfanilamide 
is  a  type  I  inhibitor  and  that  urethane  is  a  type  II  inhibitor.  The  large 
changes  in  heat  content  {AH  between  —  56  and  —  70  kcal/mole)  and 
entropy  (JS  between  —  165  and  —  204  cal/mole /degree)  for  the  urethane 
inhibition  have  been  interpreted  in  terms  of  the  reversible  denaturation 
induced  by  this  substance  (Johnson  et  al.,  1942  b). 


100 


Fig.  15-11.  Effects  of  temperature  on  the  luminescence 

of  P.   phosphoreuni   in    the    absence    and    presence   of 

urethane,  showing   the   shift   in   the  Tg^t  produced  by 

urethane.  (From  Johnson  et  al.,  1945.) 


The  luminescent  system  in  the  living  organism  is  complex  and  involves 
not  only  the  enzymes,  cofactors,  and  luminescent  substances  required  di- 
rectly for  the  emission  of  radiation,  but  also  occasionally  high-energy  phos- 
phate compounds  and  the  oxidative  pathways  supplying  them.  Indeed,  the 
bacterial  luminescent  pathways  have  not  yet  been  completely  delineated. 
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It  is  also  not  known  with  which  components  of  the  total  system  inhibitors 
such  as  sulfanilamide  and  urethane  react.  It  is  true  that  urethane  and  sul- 
fanilamide have  been  found  to  inhibit  reversibly  the  Cypridiyid  luciferin- 
luciferase  reaction  iu  vitro  (Johnson  and  Chase.  19J:2),  but  it  would  seem 
that  this  enzyme  is  generally  less  sensitive  than  the  i»  vivo  systems  and  it 
is  quite  possible  that  other  reactions  are  depressed  in  the  living  cell.  It 
is  well  known  that  both  urethane  and  sulfanilamide  inhibit  pathways  other 
than  those  of  luminescence.  In  interpreting  temperature  studies  it  is  im- 
portant to  know  whether  one  system  only  or  several  pathways  are  affected. 
It  is  unfortunate  that  temperature  studies  have  not  been  done  on  the  in- 
hibition of  the  purified  enzyme  system.  It  would  also  perhaps  be  interesting 
if  Johnson  and  his  group  had  used  some  of  the  better  known  inhibitors 
whose  actions  are  more  specific  and  characterized.  Urethane  particularly 
is  quite  nonspecific  at  the  high  concentrations  used  in  the  luminescence 
studies.  Of  course,  denaturing  agents  are  never  specific. 

The  intensity  of  luminescence  in  certain  species  probably  depends,  for 
one  thing,  on  the  concentration  of  ATP  (Harvey,  1960),  which  may  be  mod- 
ified by  inhibition  exerted  either  on  the  systems  forming  ATP  or  utilizing 
ATP.  Temperature  optima  may  occur  for  the  ATP  concentration  because 
of  different  temperature  coefficients  for  the  forming  and  utilizing  reactions. 
The  presence  of  an  inhibitor  may  change  these  optima  because  of  differential 
effects  on  these  reactions,  and  consequently  the  T„^,,  for  the  metabolic  or 
functional  reactions  dependent  on  ATP  may  be  shifted.  In  other  words,  it 
is  possible  in  a  complex  metabolic  system  to  explain  a  shift  in  the  T,,^^, 
by  assuming  differential  effects  of  the  inhibitor  on  the  reactions  of  the  multi- 
enzyme  system,  rather  than  by  the  altered  action  of  the  inhibitor  on  a  single 
enzyme  component  of  the  system.  In  the  case  of  bacterial  luminescence  it 
is  very  difficult  to  say  if  the  temperature  dependence  of  inhibition  is  re- 
lated to  a  single  enzyme  or  to  more  complex  changes  in  a  multienzyme  sys- 
tem. Since  the  concentration  of  the  intermediate  B  in  the  simple  irreversible 
monolinear  chain: 


is  given  by: 


Ki  E., 

A  -»  B  -^  C 


(B)  = KM[V.JV^__ 


which  is  modified  from  Eq.  7-3.  and  since  temperature  changes  or  inhi- 
bitors can  alter  K^,  K.,.  Fj,  or  Fg  in  different  ways,  it  is  quite  possilbe 
for  (B)  to  show  shifts  in  the  T„^^,  during  the  inhibition,  or  to  show  effects 
of  temperature  on  the  inhibition.  The  same  principles  would  apply  to  other 
more  complex  multienzyme  systems,  as  has  been  discussed  earlier  in  this 
chapter.  For  example,  it  may  be  easily  shown  from  the  above  equation  that 
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the  effect  of  an  inhibitor  on  (B)  will  depend  on  the  initial   \'\IV2  ratio, 
which  can  l)e  modified  by  the  temi)erature. 

Examination  of  an  homologous  series  of  carbamates  for  their  effects  on 
the  luminescence  of  PJiotobacterimn  pho.sphoreuiH  demonstrated  that  the 
temperature  relationships  changed  as  the  alkyl  chain  length  increased 
(Johnson  et  al.,  1951).  While  methyl  carl)amate  and  ethyl  carbamate  (ure- 
thane)  shift  the  T^^^^,  downward.  >?-propyl  carbamate  and  >*-hexyl  carbamate 
shift  it  upward,  indicating  that  the  inhibiting  actions  are  different  in  some 
way.  On  the  enzyme-denaturation  hypothesis  one  must  assume  then  that 
the  higher  homologs  do  not  favor  denaturation;  on  the  multienzyme  basis 
one  must  assume  that  the  higher  homologs  act  predominantly  on  a  different 
pathway.  The  effects  of  high  ])ressure  on  the  inhibitions  also  support  a 
different  type  of  action.  It  may  also  be  pointed  out  that  ethanol  exerts 
effects  similar  to  urethane  in  that  the  T,^^,,  is  shifted  to  lower  temperatures 
(Johnson  et  al.,  1945)  and  has  been  shown  to  inhibit  luciferase  at  high  con- 
centrations (it  requires  about  1  M  to  inhibit  50%)  (Cliase.  1952).  A  more 
detailed  summary  of  the  study  of  the  inhibition  of  luminescence  and  its 
interpretation  may  be  found  in  "The  Kinetic  Basis  of  Molecular  Biology" 
(Johnson   et  al,    1954). 

(D)  Inhibition  of  Bliizobium  respiration  by  uretJiane.  The  results  obtained 
by  Koffier  et  al.  (1947)  for  the  inhibition  of  respiration  are  very  similar  to 
those  just  discussed  for  luminescence.  The  inhibition  by  urethane  increases 
w^ith  the  temperature;  for  example,  with  300  mM  urethane,  the  following 
inhibitions  were  observed.  There  is  no  marked  effect  on  the  T^^,^  but  it 


Temperature  Inhibition  (t) 


18° 
310 


0.36 
0.56 


400  ()  s4 


is  shifted  slightly  to  lower  temperatures.  These  results  w^ere  interpreted  in 
terms  of  an  equilibrium  between  native  and  denatured  enzymes  and  the 
similarity  between  the  inhibitions  on  respiration  and  methylene  blue 
reduction  pointed  to  the  dehydrogenases  as  l)eing  the  enzymes  involved. 
Incidentally,  these  results  make  it  likely  that  urethane  in  acting  on  the 
ATP-forming  ])atliways  in  addition  to  luciferase  in  the  studies  of  bac- 
terial luminescence. 

(E)  Retardatio)}  of  cell  division  by  urethane.  The  cleavage  of  Arbacia  eggs 
is  retarded  by  uretlianes  and  it  has  been  sliown  by  Cornman  (1950,  1957) 
that  the  effectiveness  is  least  at  200-21°.  The  concentrations  required  for 
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a  constant  retardation  effect  are  shown  in  Fig.  15-12.  It  may  be  noticed 
that  although  N,  iV'-diethylurethane  is  much  more  potent  than  urethane, 
the  temperature  of  minimal  effectiveness  is  the  same,  indicating  a  similar 
mechanism  of  action.  Also  the  same  cytological  changes  occur  as  a  response 
to  urethane  at  all  the  temperatures  and  this  points  to  a  single  mechanism 


10- 


LOG  (I) 
(mM) 


N,N-DIETHYLURETHANE 


12°  16' 

TEMP.  - 


20' 


24' 


28' 


32° 


Fig.  15-12.  Effects  of  temperature  on  the 
retardation  of  cleavage  of  Arhacia  eggs  by 
urethanes.  The  concentrations  required  for  a 
constant  chosen  effect  are  plotted.  (From 
Cornman,   1957.) 


of  inhibition.  These  results  were  provisionally  explained  as  follows:  as  the 
temperature  rises  from  12°  to  20°  the  binding  of  the  inhibitor  becomes  less, 
and  at  higher  temperatures  there  is  progressive  acceleration  of  the  dena- 
turation  of  some  important  protein  or  enzyme  system.  It  is  possibly  sig- 
nificant that  the  temperature  for  the  minimal  effect  is  the  normal  biolog- 
ical temperature  for  Arhacia.  In  other  words,  deviation  in  either  direction 
from  the  normal  temperature  leads  to  a  reduction  in  the  resistance  to  in- 
hibition. 

At  this  point  we  may  summarize  some  of  the  principal  reasons  for  the 
variation  of  cellular  inhibition  with  the  temperature.  Let  us  assume  it  is 
found  experimentally  that  the  inhibition  increases  with  rising  temperature. 
The  following  four  mechanisms  must  be  considered. 
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(1)  The  inhibitor  is  bound  to  the  susceptible  enzyme  more  tightly  at 
higher  temperatures,  i.e.,  the  formation  of  the  EI  complex  is  endothermic. 

(2)  The  denaturation  of  the  susceptible  enzyme  by  the  inhibitor  is 
favored  at  higher  temperatures,  the  inhibitor  either  denaturing  the  enzyme 
or  combining  selectively  with  the  denatured  form. 

(3)  Differential  effects  of  temperature  and  the  inhibitor  in  a  multienzyme 
system  occur.  For  example,  in  a  divergent  metabolic  chain  the  increase 
in  temperature  may  increase  the  fraction  of  the  total  metabolism  passing 
through  an  inhibitor-sensitive  pathway. 

(4)  A  second  action  of  the  inhibitor  with  a  high  temperature  coefficient 
may  lead  at  higher  temperatures  to  an  additional  inhibition  that  is  not 
significant  at  lower  temperatures. 

It  may  be  necessary  to  include  other  mechanisms  in  certain  cases  as, 
for  example,  when  the  active  inhibitor  is  formed  metabolically  from  an 
added  precursor. 

Temperature  Characteristics  of  Biological   Processes  and  the  Effects  of 

Inhibition 

It  has  been  customary  for  many  years  to  express  the  variation  of  biologi- 
cal rates  with  temperature  in  terms  of  the  temperature  characteristic,  //, 
according  to  the  Arrhenius  formulation.  It  was  originally  assumed  that  the 
temperature  dependence  of  the  rate  is  given  by  the  equation: 

V  =  Ce-f^'RT  (15-49) 

where  C  is  a  constant.  The  value  of  //  may  be  obtained  either  from  the  rates 
at  two  different  temperatures  or  by  appropriate  plotting.  Equation  15-49 
may  be  rewritten  as: 

Thus  a  plot  of  log  v  against  1/T  should  give  a  straight  line  with  an  inter- 
cept of  log  C  and  a  slope  of  —  ///2.303i?  (Fig.  15-13).  If  only  two  tempera- 
tures are  considered,  one  may  write: 


—  =  exp     -— 
Vi  R 


1  1 


(15-51) 


and  the  temperature  characteristic  is  given  by: 


IX  =  2.303R    J'^"      (log  V,  -  log  V,)  (15-52) 

-i  2      —     -^  1 
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The  plotting  procedure  is  preferred  because  linearity  cannot  always  be 
assumed.  If  a  curve  is  obtained,  the  //  at  any  temperature  can  be  calculated 
from  the  slpoe  at  that  point.  When  T^  —  T^  =  10°,  v^jv-^  is  Q-^q  and  thus 
the  relationship  between  //  and  Q^^  for  temperatures  in  the  neighborhood 
of  30O  may  be  written  as: 


1.1  =  42,200  log  Q,o 
It  mav  be  noted  that  u  is  usually  given  in  small  calories. 


(15-53) 
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Fig.  1.5-13.  Plot  of  log  v  against  l/T  for  the  determination  of 
the  temperature  characteristic  [x  (Eq.  15-50). 


It  is  possible  to  obtain  //  values  from  systems  of  any  degree  of  complexity 
and  they  serve  to  characterize  the  temperature  dependence  of  the  rates. 
However,  the  physical  interpretation  of  //  becomes  more  and  more  difficult 
as  the  complexity  of  the  system  increases.  The  principle  of  limiting  reactions 
has  often  been  called  uiDon  to  interpret  //  values  obtained  from  cellular 
systems  and  it  is  claimed  that  //  relates  only  to  the  single  limiting  reaction 
that  controls  the  over-all  rate.  This  has  given  rise  to  much  argument, 
which  is  beyond  the  scope  of  this  book,  but  reference  may  be  made  to  Chap- 
ter 7  in  which  reasons  were  given  for  believing  that  the  metabolic  or  func- 
tional rates  in  living  systems  are  generally  not  determined  by  single  reac- 
tions. Indeed,  it  is  well  to  consider  what  //  means  for  a  single  enzyme  reac- 
tion. It  has  been  frequently  stated  that  //  is  the  activation  energy  for  the 
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enzyme  reaction,  which  in  the  general  case  it  is  not.  Taking  the  usual  ex- 
pression for  enzyme  rate: 


(S)  +  K^ 


(15-54) 


it  may  be  seen  that  when  the  enzyme  is  saturated  with  substrate  and  v  = 
A-2(E^),  the  changes  in  the  rate  with  temperature  will  provide  //  values  ref- 
erable to  the  rate  constant  A'g  for  the  breakdown  of  the  ES  complex  into 
free  enzyme  and  products.  However,  under  most  conditions  J^,„  is  not  neg- 
ligible and  it  also  can  change  with  temperature.  Usually  K^^^  will  increase 
with  a  rise  in  the  temperature,  whether  it  is  the  general  Michaelis  constant 
or  the  true  substrate  constant,  and  thus  the  rate  will  not  increase  as  rapidly 
with  temperature  as  would  be  exi^ected  if  only  A'a  were  involved.  Finally, 
according  to  the  modern  expressions  for  the  rate  constant  (see  Eq.  15-10), 
a  plot  of  log  k\2  against  IjT  would  not  be  expected  to  be  exactly  linear 
(whereas  a  plot  of  log  k^lT  against  l/T  would  be).  Most  of  the  log  v  —  1/T 
plots  reported  in  the  literature  are  actually  not  straight  lines  if  the  experi- 
mental points  are  examined,  although  straight  lines  are  frequently  used 
to  represent  them. 

The  meaning  of  //  in  terms  of  the  usual  thermodynamic  quantities  for 
an  enzyme  reaction  may  be  derived  as  follows.  Taking  the  logarithm  of 
Eq.  15-54  and  then  differentiating  with  respect  to  the  temperature  (assum- 
ing that  K,,i  =  Kg,  one  obtains: 

1/7    r  1  1 

(15-55) 


d  In  V 

1          AH* 
~    T     ^    RT'    ^   1 

IH 

1 

(IT 

ir^ 

1  +  (S)e-<-'^/'R^»e<- 

l-SViJ) 

Since  din  vjdT 

=  fijRT'^,  //  is  in  general  given  by: 

RT  -f  AH*  +  AH 

\                    '                    ^ 

/^  = 

.1  + 

(g)g-{.1i//iJT)   q{JS/R) 

(15-56) 

The  temperature  characteristic,  //,  thus  is  equal  to  the  enthalpy  of  activa- 
tion plus  the  small  RT  correction  plus  the  third  term  which  represents  the 
possible  changes  in  K^  with  the  temperature.  The  expression  for  dln{vlT)ldT 
would  be  the  same  with  the  omission  of  the  1/T  term  and  //  would  be  given 
by  Eq.  15-56  without  the  RT  term. 

When  multienzyme  or  cellular  systems  are  considered,  it  becomes  more 
difficult  to  understand  the  meaning  of  jti  and  the  significance  of  its  changes. 
It  is  true  that  in  some  cases  (for  example,  an  irreversible  monolinear  chain) 
the  over-all  rate  is  controlled  by  one  step  and  the  //  obtained  would  refer 
only  to  that  step,  but  in  most  instances  this  is  not  true.  Most  log  v  —  IfT 
plots  from  living  systems  are  curves  but  sometimes  they  are  represented  by 
a  series  of  two  or  more  linear  segments,  the  transition  points  between  one 
slope  and  the  next  being  called  critical  temperatures  (and  by  some,  uncriti- 
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cal  temperatures).  These  breaks  have  been  interpreted  as  indicating  a  tran- 
sition between  two  different  limiting  reactions  with  different  temperature 
characteristics.  These  matters  have  been  much  discussed  (Burton,  1936, 
1939;  Sizer,  1943;  Morales,  1947;  Stearn,  1949;  Kavanau,  1950)  but  gen- 
eral agreement  has  not  been  reached. 

Dixon  and  Webb  (1958,  p.  163)  have  suggested  six  explanations  for  the 
discontinuities  observed  in  the  log  v  —  IjT  plots  for  enzyme  reactions. 

{a)  Phase  change  in  the  solvent  (as  the  freezing  of  water  at  0°). 

(6)  Two  parallel  reactions  with  quite  different  temperature  coefficients 
so  that  different  reactions  are  dominant  in  different  temperature  ranges 
(predicting  higher  //  values  at  the  higher  temperatures  which  is  usually 
not  the  case). 

(c)  Two  successive  reactions  with  different  temperature  coefficients  so 
that  different  reactions  are  limiting  in  different  temperature  ranges. 

{(I)  Enzyme  can  exist  in  active  and  inactive  forms  with  a  high  tempera- 
ture coefficient  for  the  transformation  reaction  between  them. 

(e)  Enzyme  may  be  reversibly  inactivated,  either  spontaneously  or  by 
some  substance  in  the  medium. 

(/)  Discontinuity  affecting  the  forward  reaction  only. 

Koshland  (1959)  applied  these  mechanisms  to  the  myosin  ATPase  system 
and  concluded  that  a  flexibility  in  the  active  center  might  be  involved, 
this  being  a  variation  of  explanation  {d)  above.  It  may  be  mentioned  that 
in  cellular  systems  additional  explanations  may  be  imagined  for  the  crit- 
ical temperatures  observed. 

We  may  now  inquire  as  to  how  an  inhibitor  could  alter  //  for  an  enzyme 
reaction.  Inasmuch  as  //  is  closely  related  to  the  enthalpy  of  activation 
for  the  breakdown  of  the  ES  complex,  an  inhibitor  that  alters  J/^*  will 
probably  change  //.  It  would  be  expected  that  competitive  inhibitors  would 
not  produce  any  change  in  //  since  they  do  not  interfere  with  the  breakdown 
of  the  ES  complex  but  only  with  its  formation.  Noncompetititive  inhibitors 
on  the  other  hand  modify  ic.^  and  hence  could  change  //.  Coupling  inhibitors 
and  inhibitors  binding  with  the  substrate  or  coenzymes  may  or  may  not 
effect  //,  depending  on  the  nature  or  activity  of  the  complexes  formed.  In 
addition,  we  have  seen  above  that  //  can  also  depend  on  iiC,„  and  the  enthal- 
pies and  entropies  of  the  ES  complex  formation,  and  under  certain  circum- 
stances these  can  be  altered  by  inhibitors.  There  are  very  few  quantitative 
studies  on  the  effects  of  inhibitors  on  enzyme  /.i  values,  but  it  would  appear 
that  this  might  be  a  reasonably  useful  approach  in  the  determination 
of  the  interactions  of  substances  on  the  enzyme  surface. 

The  inhibition  of  horse  serum  cholinesterase  by  quinine  is  affected  by 
the  temperature  in  an  interesting  manner  (Robert  et  al.,  1951).  The  inhi- 
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bition  decreases  with  increase  in  temperature,  T^^,,  is  shifted  to  higher  tem- 
peratures by  the  inhibitor,  and  the  Q-^f^  decreases  with  rising  temperature 
in  all  cases  but  faster  when  the  inhibitor  is  present  (Fig.  15-14).  The  //  val- 
ues are  increased  by  quinine,  particularly  in  the  lower  temperature  range, 
giving  rise  to  a  discontinuity  in  the  curves  which  is  not  present  in  the  case 
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Fig.  15-14.  Effects  of  temperature  on  the  inhibition  of  horse 

serum  chohnesterase  by  quinine  plotted  in  four  different  ways. 

In  all  cases,  the  quinine  concentrations  are:  A,  0.025  m.M;  B, 

0.05  mif;  and  C,  O.I  mi¥.  (From  Robert  et  al,  1951.) 


of  the  uninhibited  enzyme  (Table  15-1).  It  is  interesting  to  speculate  if 
this  critical  temperature  is  related  to  a  temperature-sensitive  active  center 
flexibility.  Both  quinine  and  lower  temperatures  may  reduce  the  flexibility 
and  hence  the  efficiency  of  the  catalysis.  However,  the  situation  may  well 
be  more  complex  than  this,  as  indicated  by  the  reversal  of  some  of  the  ef- 
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Table  15-1 

Effects  of  Quinine  ox  the  Temperature  Characteristics  and  Thermodynamic 
Properties  of  Horse  Serum  Cholinesterase  '' 


fj,  (cal/mole) 

AH* 

(kcal/mole) 

AS* 

(cal/mole/ 

deg) 

AF* 

Quinine 

25-30° 

30-45° 

(kcal/mole) 

0 

0.025  mJ/ 
0.05  ml/ 
0.1   mil 

4000 
11,900 
12,300 
20,200 

3500 
6000 
6400 
4800 

3.4 
5.4 

5.8 
4.2 

-8.76 
-7.16 
-6.98 
-8.26 

6.1 

7.6 

8.0 
6.8 

"  From   Robert  et  al.  (1951; 


fects  at  the  highest  quinine  concentration.  The  presence  of  2,4-dinitrophenol 
causes  the  appearance  of  a  discontinuity  in  the  Arrhenius  plot  for  myosin 
ATPase  when  ATP  is  the  substrate  (Koshknd,  1959).  The  curve,  in  fact, 
becomes  quite  like  that  for  the  hydrolysis  of  ITP.  This  was  interpreted  as 
resulting  from  a  competition  of  the  phenoxide  ion  of  2,4-dinitrophenol 
with  the  S-NHo  group  of  ATP  for  a  group  in  a  protein  chain,  releasing  the 
constriction  normally  imposed  by  the  interaction  of  the  6-NH2  group 
with  the  enzyme  group.  The  possible  effects  of  inhibitors  on  enzyme  and 
enzyme-substrate  flexibility  must  therefore  be  considered  in  interpreta- 
tions of  changes  in  the  temperature   characteristics. 

Urease  was  claimed  by  Sizer  (1939)  to  show  //  values  of  either  8700  or 
11,700.  In  sulfite  solution  a  critical  temperature  of  23°  was  observed,  // 
being  11,700  below  and  8700  above  this  temperature.  In  various  mixtures 
of  ferricyanide  and  ferrocyanide  the  //  value  was  either  of  these  figures  and 
it  was  suggested  that  in  reducing  solutions  the  configuration  of  the  active 
center  was  such  that  //  =  8700  but  as  certain  sulfhydryl  groups  became  oxi- 
dized the  enzyme  activity  decreased  and  //  =  11,700,  these  changes  being 
reversible.  Kistiakowsky  and  Lumry  (1949)  reported  that  such  a  sudden 
inflection  at  the  critical  temperature  did  not  occur  in  the  case  of  urease  and 
that  in  sulfite  solution  //  rises  progressively  from  8830  to  15,000  as  the  tem- 
perature is  lowered.  This  change  in  the  temperature  characteristic  was  ex- 
plained on  the  basis  of  an  inhibition  by  sulfite,  this  inhibition  exhibiting 
an  enthalpy  change  of  —  29  kcal/mole.  In  other  words,  as  the  temperature 
is  decreased,  the  sidfite  inhibition  becomes  important  over  a  rather  narrow^ 
temperature  range  and  alters  //.  They  believe  that  many  inflections  in  bio- 
logical Arrhenius  curves  may  be  explained  by  the  presence  of  reversible 
inhibitors  whose  combinations  with  enzymes  become  particularly  impor- 
tant at  lower  temperatures,  rather  than  on  the  basis  of  a  shift  from  one  lim- 


798  15.    EFFECTS    OF   VARIOUS    FACTORS   ON   INHIBITION 

iting  reaction  to  another.  They  also  i)oint  out,  with  justification,  that  the 
experimental  accuracy  must  be  a  good  deal  greater  than  it  usually  is  in 
the  literature  in  order  to  establish  sharp  inflections  and  true  critical  tem- 
peratures. 

The  //  value  for  beef  heart  succinoxidase  was  found  to  be  changed  by 
certain  inhibitors  by  Hadiclian  and  Hoagland  (1939,  1941).  Succinoxidase 
is,  of  course,  a  multienzyme  system  and  the  results  were  interpreted  in 
terms  of  shifts  in  the  limicing  reaction  step.  Cyanide  at  concentrations 
between  1.8xl0~^  and  2.4xl0~^  mM  (at  which  the  inhibition  is  around 
50-70%)  raised  fi  from  a  normal  value  of  11,200  to  16,100.  They  assumed 
that  in  the  normal  sequence  the  dehydrogenase  is  the  limiting  step  and  is 
characterized  by  a  //  of  11,200,  whereas  in  the  presence  of  cyanide  the  cyto- 
chrome oxidase  with  a  //  of  16,100  becomes  limiting.  Selenite,  which  was 
believed  to  inhibit  the  dehydrogenase  component,  thus  should  not  change 
the  normal  //  value  but  should  bring  the  //  of  the  cyanide-poisoned  system 
back  towards  the  normal  value;  this  was  found  to  occur.  Pyrophosphate 
was  found  to  increase  //  to  17,500  and  it  was  concluded  that  it  inhibited 
some  step  between  the  dehydrogenase  and  the  cytochrome  oxidase.  The 
kinetics  of  regenerative  electron-transport  chains  are  complex  and  it  is 
difficult  in  the  present  state  of  our  knowledge  to  evaluate  accurately  such 
results.  For  example,  it  is  not  easy  to  understand  how  an  inhibition  of  only 
50-70%  could  completely  shift  the  limiting  reaction  step  from  the  dehydro- 
genase to  cytochrome  oxidase,  and  it  is  even  more  difficult  to  interpret 
the  return  of  the  //  value  to  normal  brought  about  by  selenite  when  the 
inhibition  produced  was  not  much  greater  than  with  cyanide  alone.  Much 
more  accurate  experimental  work  must  be  done  with  such  systems  before 
the  sites  of  inhibition  can  be  localized  by  temperature  studies  and  the 
mechanisms  involved  be  established.  It  is  quite  possible  that  this  approach 
might  become  very  useful  in  the  study  of  cellular  inhibitions  once  a  firm 
foundation  is  laid. 

Before  leaving  the  subject  of  the  temperature  effects  on  inhibition  in 
multienzyme  systems  it  is  well  to  point  out  that  the  j)ossibility  of  critical 
temperatures  and  their  modification  by  inhibitors  depends  on  the  type  of 
multienzyme  system  that  is  being  studied.  For  example,  in  either  conver- 
gent or  divergent  branched  chains,  the  chance  of  observing  a  sudden  in- 
flection in  the  Arrhenius  plots  is  very  small  because  one  would  predict 
that  a  gradual  change  from  the  //  value  of  one  l^ranch  to  the  /i  value  of  the 
other  branch  would  occur,  and  that  the  effect  of  inliibitors  would  depend 
on  the  degree  of  inhibition  exerted  so  that  any  //  value  between  the  ex- 
tremes would  be  obtained.  On  the  other  hand,  in  irreversible  (or  jjractically 
irreversible)  monolinear  sequences  it  is  possible  to  envision  rather  sudden 
changes  in  the  //  values  and  the  appearance  of  true  critical  temperatures. 
In  the  simi)le  chain,  A  -^  B  ->  C,  the  over-all  rate  of  the  formation  of  C  is 
determined  either  by  the  rate  of  reaction  1  or  the  rate  of  reaction  2.  If  the 
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system  is  in  a  steady  state,  the  over-all  rate  is  determined  by  reaction  1; 
if  it  leaves  the  steady  state  it  is  determined  only  by  reaction  2.  The  transi- 
tion from  a  steady  state  to  a  non  steady  one  may  be  sudden,  particularly 
when  some  factor  limits  the  rise  in  the  concentration  of  the  intermediate  B. 
Whether  the  system  will  or  will  not  pass  out  of  a  steady  state  following  a 
specified  rise  in  the  temperature  will  depend  for  one  thing  on  how  close 
the  initial  concentration  of  B  is  to  the  maximal  possible  concentration. 
It  will  also,  of  course,  depend  on  the  difference  in  the  enthalpies  of 
activation  for  the  breakdown  of  the  ES  complexes  of  each  step.  The 
addition  of  an  inhibitor  to  such  a  system  could  easily  alter  the  fi  value 
from  that  for  one  reaction  to  that  for  the  other.  Also  it  would  be  predicted 
that  if  a  critical  temperature  is  observed  in  the  range  studied,  an  inhibitor 
would  shift  this  critical  temperature  down  if  the  inhibition  is  exerted  pri- 
marily on  the  second  reaction  and  up  if  the  first  reaction  is  depressed  to  a 
relatively  greater  extent. 

A  final  word  of  warning  must  be  spoken  for  the  interpretation  of  thermal 
studies  on  cellular  systems.  If  the  rate  measured  is  related  solely  to  a  single 
enzyme  or  multienzyme  process,  the  effects  of  temperature  on  inhibition  or 
the  effects  of  inhibition  on  temperature  characteristics  may  be  attributed 
directly  to  these  processes.  However,  if  what  is  measured  is  a  composite 
rate,  the  interpretation  becomes  more  uncertain.  If  ther6  is  an  appreciable 
endogenous  component  or  an  inhibitor-resistant  fraction,  the  //  values  will 
depend  also  on  these  processes  and  changes  in  //  following  inhibition  may 
be  complex.  Furthermore,  in  work  with  living  cells  one  cannot  always 
assume  a  constancy  of  enzyme  concentration  because  the  processes  of  en- 
zyme synthesis  and  inactivation  may  be  modified  by  inhibitors  and  changes 
in  the  temperature. 


EFFECTS  OF  THE  DIELECTRIC  CONSTANT 

The  magnitude  of  the  interactions  between  molecules  frequently  depends 
on  the  dielectric  constant  of  the  medium  separating  and  surrounding  the 
molecules.  The  role  of  the  dielectric  constant  in  various  ionic  and  dipolar 
interactions  has  been  described  in  Chapter  6.  It  is  now  necessary  to  inquire 
into  the  effects  of  changes  in  the  dielectric  constant  on  enzyme  rates  and 
inhibitions.  Inasmuch  as  the  binding  of  substances  to  the  active  sites  of 
enzymes  is  involved  in  both  enzyme  activity  and  in  most  inhibitions,  it  is 
reasonable  to  expect  that  useful  information  of  events  on  the  molecular 
level  might  be  obtained  from  experiments  in  which  the  dielectric  constant 
is  varied.  An  extensive  literature  on  the  effects  of  the  dielectric  constant 
on  nonenzyme  reactions  is  available  but  actually  only  a  small  amount  of 
work  on  enzymes  has  been  reported.  However,  it  is  likely  that  dielectric 
variation  will  come  to  be  an  important  procedure  in  the  investigation  of 
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enzyme  interactions  and  the  nature  of  the  forces  between  inhibitors  and 
active  sites. 

Water  has  a  high  dielectric  constant  and  this  reduces  appreciably  the 
interactions  between  ions,  ions  and  dipoles,  and  dipoles.  If  the  dielectric 
constant  is  lowered,  one  would  expect  that  these  electrostatic  interactions 
would  become  greater.  Not  only  would  two  oppositely  charged  ions  associate 
more  readily  but  repulsion  between  similarly  charged  ions  would  increase. 
Electrokinetic  or  dispersion  forces  would  not  be  significantly  altered.  Thus 
the  formation  of  most  enzyme-inhibitor  complexes  would  occur  at  a  faster 
rate  upon  reduction  of  the  dielectric  constant  and  the  binding  energy  might 
be  increased.  The  variation  of  the  affinity  of  the  enzyme  for  the  inhibitor, 
or  of  the  inhibitor  constant  K^,  with  the  dielectric  constant  may  provide 
some  information  on  the  nature  of  the  interaction. 

Methods  for  Reduction  of  the  Dieletric  Constant 

The  dielectric  constant  of  aqueous  media  may  be  decreased  by  the  addi- 
tion of  various  organic  liquids  that  are  miscible  with  water.  The  most  com- 
monly used  substances  for  this  purpose  are  dioxane,  methanol,  ethanol, 
w-propanol,  isopropanol,  methyl  ethyl  ketone,  acetone,  acetonitrile,  dimeth- 
ylacetamide,  ^e/^butanol,  ethylene  glycol,  and  glycerol.  Although  die- 
lectric constants  from  2  to  78  may  be  obtained  by  such  mixtures,  one  is 
limited  in  enzyme  work  to  solutions  containing  not  over  50%  of  the  organic 
solvent  and  thus  the  dielectric  constant  can  usually  not  be  reduced  below 
35.  Tables  giving  the  dielectric  constants  of  mixtures  of  water  with  various 
solvents  are  available  (Harned  and  Owen,  1958,  p.  161).  Plots  for  three 
solvents  are  shown  in  Fig.  15-15.  Over  the  range  used  in  enzyme  study, 
the  relationship  between  dielectric  constant  and  solvent  concentration 
is  linear.  One  of  the  most  useful  organic  solvents  is  dioxane;  it  is  com- 
pletely miscible  with  water,  it  is  nonreactive  and  electrically  neutral, 
and  its  low  dielectric  constant  allows  rates  to  be  studied  over  a  relatively 
wide  range.  It  must  be  remembered  that  the  dielectric  constant  varies  with 
the  temperature.  Most  of  the  values  given  for  dielectric  mixtures  in  the 
chemical  literature  are  for  25"  and  if  the  enzyme  reaction  is  run  at  more 
physiological  temperatures  the  appropriate  correction  should  be  made. 
Over  a  range  of  dioxane  concentration  from  10%  to  70%,  the  temperature 
correction  may  be  obtained  from  the  approximate  relationship: 

—  =  _  0.0023  (15-57) 

Thus  in  30%  dioxane,   Z)(25o)  =  51.9  and  D(37o)  =  48.6. 


EFFECTS    OF    THE    DIELECTKIC    CONSTANT 


801 


Meaning  of  the  Dieletric  Constant  of  Solvent  Mixtures 

The  values  of  the  dielectric  constant  for  solvent  mixtures  have  been 
obtained  from  relatively  large  volumes  in  which  a  statistically  homogeneous 
medium  may  be  assumed;  they  may  be  referred  to  as  bulk  dielectric  constants. 
However,  when  one  is  visualizing  molecular  interactions,  the  components  of 
the  medium  may  not  be  so  homogeneously  distributed.  Sometimes  the  af- 
finities of  the  molecules  of  each  solvent  may  be  greater  for  their  own  kind 
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Fig.  15-15.  Dielectric  constants  of  water-solvent  mixtures  at 
25°.  (From  Harned  and  Owen,  1958,  p.  161.) 


than  for  the  molecules  of  the  other  solvent,  in  which  case  molecular  clusters 
of  varying  size  may  occur.  In  mixtures  of  water  and  dioxane,  for  example, 
the  water  molecules  probably  retain  their  tendency  to  form  icelike  struc- 
tures through  hydrogen  bonding.  Furthermore,  over  short  interaction  dis- 
tances the  dielectric  constant  is  reduced,  as  described  in  Chapter  6,  and  an 
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expression  such  as  D  ^=  6d  —  7  (Eq.  6-72)  must  be  used.  We  may  for  con- 
venience call  the  effective  dielectric  constants  for  short-range  molecular 
interactions  the  microscopic  dielectric  constants.  A  problem  immediately 
arises.  If  the  bulk  dielectric  constant  of  pure  water  at  37.5°  is  74.1  and  of 
a  30%  dioxane  solution  is  48.6,  is  the  microscopic  dielectric  constant  re- 
duced to  the  same  degree  in  the  dioxane  mixture?  One  might  imagine  that 
in  the  interaction  of  two  ions  or  ionic  groups  the  ions  would  be  surrounded 
preferentially  by  the  more  polar  water  molecules  and  that  the  presence 
of  the  dioxane  would  not  be  as  important  as  in  the  bulk  phase.  In  other 
words,  the  interaction  energy  of  two  ions  up  to  separation  distances  around 
10  A  might  be  dependent  more  upon  the  dielectric  properties  of  water  than 
would  be  predicted  on  the  basis  of  the  effect  of  dioxane  on  the  bulk  proper- 
ties. If  the  ions  are  not  solvated  appreciably  by  the  organic  solvent  that  is 
added,  they  must  be  pictured  as  primarily  hydrated  as  in  aqueous  media 
and  the  interactions  between  them  must  still  be  determined  to  a  great  ex- 
tent by  these  hydration  layers.  Of  course,  when  the  concentration  of  the 
organic  solvent  becomes  high,  it  is  likely  that  the  total  hydration  of  ions 
is  reduced  but  in  mixtures  compatible  with  enzyme  work  the  ions  must 
certainly  retain  their  jirimary  hydration  sheaths.  Thus  some  uncertainty 
is  introduced  into  the  nature  of  the  variation  of  the  microscopic  dielectric 
constant  with  the  composition  of  the  medium.  However,  ionic  reaction 
rates  and  equilibria  have  occasionally  been  shown  to  vary  with  the  dielec- 
tric constant  in  a  predictable  manner  and  the  approach  must  be  considered 
as  qualitatively  valid.  Many  discrepancies  have  also  been  observed  and  a 
nonlinear  relationship  between  the  microscopic  and  bulk  dielectric  con- 
stants may  be  responsible  for  these,  along  with  other  factors  which  will 
be  discussed  in  succeeding  sections. 

Various  Theoretical  Dielectric  Effects  on  Enzyme  Interactions 

Changing  the  composition  of  a  medium  by  the  addition  of  organic  solvents 
may  have  several  possible  effects  on  enzyme  reactions  and  their  inhibition. 
A  modification  of  the  interaction  energy  between  a  substance  and  an  en- 
zyme due  to  a  simple  alteration  of  the  dielectric  constant  is  not  the  only 
thing  that  must  be  considered  in  experiments  of  this  type.  The  rate  at  which 
an  inhibitor  binds  to  an  enzyme  and  the  degree  of  inhibition  will  usually 
be  directly  affected  by  the  change  in  dielectric  properties,  but  in  addition 
the  following  factors  must  be  borne  in  mind  in  any  quantitative  treatment. 

(a)  The  p^^'s  of  acidic  or  basic  groups  on  the  enzyme  or  the  inhibitor 
may  be  altered  by  the  change  in  the  dielectric  constant.  The  attraction  be- 
tween a  proton  and  an  anionic  group  will  be  increased  as  the  dielectric 
constant  is  lowered  and,  hence,  the  association  of  the  proton  will  be  greater, 
resulting  in  a  decrease  of  the  acidic  dissociation  constant.  The  ionization 
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constant  of  acetic  acid,  for  example,  is  reduced  very  significantly  in  water- 
methanol  mixtures  (Shedlovsky  and  Kay,  1956).  By  this  effect  the  total 
charge  on  the  enzyme,  or  the  charge  distribution  at  or  surrounding  the 
active  center,  or  the  fraction  of  the  inhibitor  molecules  in  the  ionic  form, 
may  be  changed  so  that  the  interaction  between  the  enzyme  and  the  inhi- 
bitor is  modified. 

(6)  The  interactions  of  all  dipolar  and  ionic  substances  in  the  medium  with 
the  enzyme  will  be  changed  when  the  dielectric  constant  is  reduced,  and 
since  there  is  frequently  a  relationship  between  the  inhibition  and  these 
other  substances,  the  inhibition  may  be  altered  secondarily.  For  example, 
there  may  be  some  competition  between  an  ionic  inhibitor  and  similarly 
charged  ions  or  ionic  substances  in  the  medium  for  a  group  in  the  active 
center,  in  which  case  K^  will  be  changed  because  of  the  greater  ability 
of  these  other  ions  to  bind  to  the  enzyme  when  the  dielectric  constant  is 
lowered. 

(c)  The  structure  of  the  enzyme  or  of  the  active  center  may  be  modified, 
particularly  in  higher  concentrations  of  the  organic  solvent.  It  is  well 
known  that  most  proteins  and  enzymes  are  denatured  in  organic  solvents 
and  it  is  quite  possible  that  minor  or  localized  structural  changes  could  oc- 
cur before  detectable  denaturation  is  evident. 

(d)  A  reduction  of  the  water  concentration  can  slow  certain  enzyme  reac- 
tions in  which  water  is  one  of  the  components  of  the  reaction,  and  it  will 
also  eventually  result  in  a  decreased  hydration  of  both  the  enzyme  and 
the  inhibitor.  Thus  the  concentration  of  water  may  play  a  role  in  addition 
to  the  change  in  the  dielectric  constant. 

(e)  A  very  important  factor  may  be  the  interaction  of  the  organic  solvent 
with  the  enzyme  or  the  inhibitor.  Since  no  solvent  that  is  miscible  with 
water  can  be  completely  unreactive  or  inert,  there  is  always  the  possibility 
that  the  solvent  may  interfere  in  the  inhibition  directly.  Most  of  the  or- 
ganic solvents  used  can  form  hydrogen  bonds  with  ai)propriate  groups  and 
also  can  interact  more  or  less  nonspecifically  by  dipolar  and  dispersion 
forces  with  the  enzyme  or  the  inhibitor.  Indeed,  competition  between  the 
solvent  and  the  inhibitor  for  the  enzyme  may  occur.  The  alcohols  might  be 
said  to  be  particularly  prone  to  affect  enzyme  reactions  and  inhibitions  in 
this  manner  and  the  examples  to  be  discussed  later  will  provide  evidence 
for  this.  As  mentioned  above,  dioxane  is  perhaps  less  objectionable  in  this 
regard  than  other  solvents. 

(/)  Finally,  a  question  specifically  related  to  the  manner  in  which  the 
water-solvent  mixtures  are  prepared  may  be  mentioned.  Enzyme  reactions 
are  usually  run  in  media  containing  various  salts,  buffers,  and  cofactors. 
When  additions  of  an  organic  solvent  are  made,  should  this  be  done  to 
the  normal  aqueous  medium,  resulting  in  a  decrease  of  the  concentrations 
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of  all  the  components  of  the  medium,  or  should  the  concentrations  be 
adjusted  so  that  they  are  the  same  as  in  the  aqueous  medium?  Although 
the  details  are  generally  not  given,  it  would  appear  that  the  former  pro- 
cedure has  usually  been  followed.  Such  changes  in  concentrations  and  ionic 
strength  might  have  important  effects  on  the  reaction  studied. 

Effect  of  Dielectric  Constant  on  the  Binding  of  the  Inhibitor  to  the  Enzyme 

Lowering  the  dielectric  constant  of  the  medium  will  increase  the  electri- 
cal interactions  between  the  enzyme  and  the  inhibitor,  and  if  the  binding  is 
mainly  dependent  on  ionic  and  dipolar  interactions,  the  affinity  for  the  in- 
hibitor will  increase.  A  simple  approach  to  the  effect  of  the  dielectric 
constant  on  the  inhibitor  constant  K^  will  be  outlined.  Let  us  assume  that 
the  inhibitor  is  bound  to  the  enzyme  by  ion-ion  forces  only.  We  may  then 
combine  Eqs.  6-54  and  6-87  to  give: 

log  Z,  =  214  ^  (15-58) 

where  Zj  and  Zg  ^i"©  ^^e  number  of  charges  on  the  enzyme  and  inhibitor 
respectively,  d^  is  the  equilibrium  interaction  distance,  and  D  is  the  di- 
electric constant.  A  plot  of  log  K^  against  IjD  should  give  a  straight  line 
with  a  slope  of  ^l^iZyZ^jdg.  If  the  inhibition  is  determined  at  two  different 
dielectric  constants,  we  may  write: 


log  -^  =  214  -^ 
Ki„  de 


1         1 


(15-59) 


The  bulk  dielectric  constants  have  been  used  almost  exclusively  in  the 
studies  reported  on  both  chemical  and  enzymic  equilibria,  but  it  is  probable 
that  microscopic  dielectric  constants  would  be  more  appropriate.  Let  us 
calculate  the  predicted  change  in  the  K^  when  the  dielectric  constant  is 
changed  from  that  of  pure  water  to  that  of  30%  dioxane;  we  shall  assume 
that  K^^  =  1  mM,  D^  =  74.1,  D^  =  48.6,  z^  =  l,z^=  -  I,  and  d,  =  6  A. 
Application  of  Eq.  15-59  leads  to  a  value  of  K^  of  0.56  niM  using  the  bulk 
dielectric  constants.  If  we  assume  that  the  microscopic  dielectric  constant 
for  a  separation  of  6  A  is  given  by  29  (from  Eq.  6-72)  in  pure  water  and 
that  the  dielectric  constant  in  the  dioxane  mixture  is  reduced  proportionally, 
D.y  =  19.  Using  these  values,  K^  is  found  to  be  0.226  niM.  Thus  it  is  quite 
important  whether  one  uses  the  bulk  dielectric  constants  or  attempts  to 
make  some  correction  for  the  short-range  interactions  usually  occurring  in 
ionic  associations. 

The  general  validity  of  Eq.  15-58  and  the  decision  as  to  which  form  of 
dielectric  constant  to  use  may  be  tested  by  using  the  accurate  data  obtained 


EFFECTS    OF    THE    DIELECTRIC    CONSTANT 


805 


by  Fuoss  and  Kraus  (1933)  for  the  dissociation  of  tetraisoamylammonium 
nitrate  in  dioxane-water  mixtures.  If  the  logarithm  of  the  dissociation  con- 
stant is  plotted  against  I  ID  (using  bulk  dielectric  constants),  the  curve 
shown  in  Fig.  15-16  is  obtained.  It  may  be  seen  that  this  is  linear  over 
most  of  the  range  and  deviates  only  at  very  low  dielectric  constants  (in 
mixtures  where  the  water  is  less  than  2%).  The  slope  of  the  linear  portion 


Fig.  15-16.  Effects  of  the   dielectric  constant  (water-dioxane  mixtures)  on  the  dis- 
sociation constant  of  tetraisoamylammonium  nitrate,  using  bulk  dielectric  constants. 
(From  Fuoss  and  Kraus,   1933.) 


of  this  curve  is  approximately  33  and  thus  d^  may  be  calculated  to  be 
6.45  A.  Now  this  distance  is  smaller  than  that  calculated  on  the  basis  of 
the  closest  approach  of  these  two  ions,  which  would  be  between  9-10  A. 
It  would  appear  that  a  more  reasonable  value  for  the  equilibrium  distance 
would  have  been  obtained  if  microscopic  dielectric  constants  had  been 
used.  In  fact,  these  results  indicate  that  the  effective  dielectric  constant  is 
approximately  70%  of  the  bulk  dielectric  constant,  which  is  actually  about 
what  one  would  predict  at  a  separation  of  9  A. 

For  most  interactions  of  an  inhibitor  with  an  enzyme  involving  ionic 
or  diiDolar  groups  one  would  anticipate  that  the  variation  of  the  inhibitor 
constant  if,  with  the  dielectric  constant  would  be  as  described  above,  but 
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for  other  than  ion-ion  interactions,  the  slopes  of  the  log  K^  —  IjD  curves 
would  have  different  values.  If  dispersion  forces  play  a  significant  role  in 
the  binding,  these  relationships  will  be  modified  as  described  later. 

It  is  well  to  remember  that  as  the  dielectric  constant  is  reduced,  at 
first  there  is  relatively  little  effect  on  K^,  but  because  of  the  exponential 
relationship,  iii,  will  decrease  progressively  more  rapidly.  Thus  a  decrease  in 
the  microscopic  dielectric  constant  from  29  to  19,  as  in  the  example  above, 
reduces  Kj  by  a  factor  of  4.43,  but  a  further  fall  in  the  dielectric  constant 
to  5  would  decrease  K^  by  a  factor  of  801,000.  In  most  enzyme  work,  how- 
ever, the  dielectric  constant  cannot  be  reduced  far  enough  to  bring  about 
these  very  marked  changes  in  ion  association. 

In  cases  of  competitive  inhibition  involving  electrostatic  interactions 
of  both  the  substrate  and  the  inhibitor  with  the  enzyme,  a  decrease  in  the 
dielectric  constant  will  increase  the  binding  of  both  and  the  inhibition 
will  not  increase  as  much  as  in  noncompetitive  inhibition.  It  might  be 
thought  that  equal  changes  in  K^  and  K,  would  lead  to  no  change  in  the 
inhibition  in  competitive  systems,  but  this  is  not  true.  Equation  3-13  may 
be  written  as: 

^'^  ^'^  (15-60) 


(I)  +  A^[l  +  (S)/AJ         (I)  +  K,  +  (8){K,IK,) 

If  K^  and  K^  are  decreased  equally,  the  inhibition  will  become  greater  be- 
cause the  third  term  in  the  denominator  will  remain  unchanged  but  K^  will 
be  less.  Thus  a  decrease  in  the  dielectric  constant  would  be  expected  to 
increase  competitive  inhibition  even  though  the  affinities  of  the  enzyme 
for  the  substrate  and  the  inhibitor  are  simultaneously  increased  to  the 
same  degree.  However,  this  increase  in  the  inhibition  will  not  be  as  great 
as  in  a  noncompetitive  situation.  For  example,  if  a  noncompetitive  inhi- 
bition is  33%  with  (I)  =  1  mM  and  K,  =  2  mM,  a  change  of  K,  to  0.2 
niM  will  raise  the  inhibition  to  83.3%,  whereas  a  competitive  inhibition  of 
33%  with  (I)  =  1  mM,  K,  =  1  mM,  (S)  =  5  mM,  and  K,  =  5  mM  will 
be  increased  to  47.6%  if  K^  and  K,  are  both  reduced  to  one-tenth  their 
original  values. 

Sometimes  additional  factors  must  be  taken  into  account.  The  inhibition 
of  succinic  dehydrogenase  by  malonate  would  be  an  example  of  the  type  of 
competitive  inhibition  discussed  above,  since  a  decreased  dielectric  constant 
would  increase  the  affinity  of  the  enzyme  for  both  succinate  and  malonate. 
However,  the  energy  required  to  bend  the  succinate  molecule  into  the  form 
necessary  for  binding  may  be  appreciably  greater  when  the  dielectric  con- 
stant is  lowered  because  there  will  be  greater  repulsion  between  the  carbox- 
ylate  groups.  This  factor  is  not  important  for  malonate.  Thus  one  would 
expect  that  the  affinity  for  malonate  would  be  increased  more  than  for  suc- 
cinate when  the  dielectric  constant  is  reduced.  In  other  w^ords,  every  change 
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of  an  electrostatic  nature  in  the  over-all  reaction  must  be  considered.  In  the 
determination  of  succinic  dehydrogenase  activity,  one  must  also  take  into 
account  the  effect  of  the  dielectric  constant  on  the  acceptor  reaction. 

Effect  of  the  Dielectric  Constant  on  the  Rates  of  Inhibition 

The  rate  of  a  reaction  is  dependent  on  the  activation  energy  and  this 
in  turn  is  frequently  dependent  on  electrostatic  forces  between  the  inter- 
acting molecules.  Thus  the  activation  energy  can  be  modified  by  a  change 
in  the  dielectric  constant.  One  may  visualize  these  effects  simply  as  the 
affects  of  the  dielectric  constant  on  the  forces  between  molecules  as  they 
approach  one  another  to  a  distance  required  for  reaction.  Reactions  between 
oppositely  charged  substances  should  proceed  more  rapidly  as  the  dielectric 
constant  is  decreased,  whereas  reactions  between  similarly  charged  sub- 
stances should  go  more  slowly.  This  has  been  found  to  be  true  for  many 
chemical  reactions.  Rates  of  inhibition  should  follow  the  same  laws. 

Expressions  relating  rate  constants  with  the  dielectric  constant  may  be 
derived  in  several  different  ways  (Laidler  and  Eyring,  1940;  Scatchard, 
1932,  1939;  Laidler,  1958,  p.  205;  Amis,  1952;  Laidler  and  Ethier,  1953). 
We  shall  consider  the  dependency  of  the  electrostatic  fraction  of  the  free 
energy  of  activation  on  the  dielectric  constant.  The  total  energy  of  acti- 
vation may  be  divided  into  electrostatic  and  nonelectrostatic  parts.  The 
energy  that   is  involved  in  the  formation  of  the   activated  complex   is 

AF*  =  JFl  +  Ji^*„  (15-61) 

usually  made  up  of  several  contributions;  not  only  the  different  forces 
operating  between  the  molecules  during  their  approach  to  one  another  but 
also  energy  terms  relating  to  the  structural  and  electronic  alterations  nec- 
essary for  the  formation  of  the  complex.  In  the  general  case,  the  electrostatic 
portion  would  consist  of  all  ionic  and  dipolar  interactions,  but  if  we  consider 
a  simple  reaction  of  ionic  groups  alone,  the  treatment  is  straightforward. 
The  rate  constant  for  the  formation  of  the  EI  complex  may  be  written  as: 

k  =  ^  e-^^'F'/RT)  (15.62) 

JSh 

according  to  transition  state  kinetics.  Taking  the  logarithm  of  each  side 
and  substituting  from  Eq.   15-61: 

,      ,       ,        RT  AFt.s  ^Ft  _  ^„, 

log  k  =  log  — — ~ —  (15-63 

Nh         2.303RT         2.303RT 

The  energy  required  in  bringing  the  ionic  groups  to  within  a  distance  d, 
their  separation  in  the  activated  complex,  is  given  by  (Eq.  6-54): 

AFt  =  305  ^  (15-64) 

aJJ 
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and  substitution  of  this  in  Eq.    15-63  gives: 

It  must  be  remembered  that  AFf^  is  in  cal/mole  in  Eq.  15-63  and  in  kcal/ 
mole  in  Eq.  15-64.  A  plot  of  log  k  against  IjD  should  then  give  a  straight 
line  of  slope  —  "lliz^z^ld  and  an  intercept  on  the  log  k  axis  of  log  RTjNh  — 
z1i''*p^/2.303KT.  If  the  dielectric  constant  of  the  medium  is  changed  from 
D^  to  D,^,  the  change  of  the  rate  constant  is  given  by: 


log-^  =214^ 


1  1 


(15-66) 


The  change  in  the  rate  constant  is  thus  related  only  to  the  electrostatic 
interactions.  The  problem  arises  again  of  the  proper  dielectric  constants 
to  use.  Bulk  dielectric  constants  have  been  generally  used  in  the  past  but 
for  the  same  reasons  as  given  in  the  section  on  equilibrium  constants,  it  is 
likely  that  the  correction  for  short-range  interactions  should  be  applied. 

An  important  result  of  plotting  log  k  against  1  \D  is  that  the  electrostatic 
interaction  energy  may  be  separated  from  the  nonelectrostatic,  since  one 
is  derivable  from  the  slope  and  the  other  from  the  intercept.  Some  idea  of 
the  distance  of  separation  in  the  activated  complex  may  also  be  obtained 
if  Zi  and  z<^  are  known  or  can  be  estimated.  From  the  variation  of  the  free 
energy  of  activation  with  the  temperature,  the  enthalpy  and  entropy  of 
activation  may  be  calculated,  and  these  quantities  will  relate  to  either  the 
electrostatic  or  nonelectrostatic  interactions,  depending  on  whether  AF"^^ 
or  Ji^*(,s  is  used.  A  similar  separation  of  the  free  energy  of  formation  of 
the  EI  complex  into  AF ^^  and  AF ^^^^  may  be  made  by  plotting  log  K^ 
against  1/Z). 

It  must  be  emphasized  that  AF ^^  or  Ji^?,  may  include  terms  other  than 
those  arising  from  the  simple  electrostatic  interaction  of  ionic  groups.  The 
complex  may  involve  the  association  or  dissociation  of  a  proton  and  the 
energy  for  this  will  appear  in  the  over-all  free  energy  change.  Charged 
groups  on  the  enzyme  or  the  inhibitor  may  be  moved  closer  together  or 
farther  apart  and  these  energy  terms  will  be  dependent  on  the  dielectric 
constant  also.  Furthermore,  even  in  interactions  of  simple  ions,  the  forces 
arising  from  induced  dipoles  may  be  appreciable  in  some  cases,  although 
in  general  they  are  probably  less  than  1  %  of  the  ion-ion  interaction  energy 
(see  Table  6-15).  When  more  complex  inhibitors  are  considered,  one  may 
have  a  situation  in  which  AF ^^  or  zli^*,  is  itself  made  up  of  several  terms, 
each  with  a  different  numerical  coefficient.  In  some  instances,  energy 
terms  dependent  on  l/D-  may  occur,  as  in  induced  dipole  interactions,  and 
this  may  produce  some  deviation  from  linearity  in  the  plots.  The  energy 
values  therefore  cannot  be  directly  applied  to  single  simple  interactions  in 
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enzyme  inhibition  unless  there  is  good  evidence  that  one  type  of  intermo- 
lecular  force  is  preponderant. 

Lowering  the  dielectric  constant  should  increase  the  rates  of  reaction 
between  oppositely  charged  ions  or  between  any  molecules  where  electro- 
static attraction  of  any  type  is  important  in  the  formation  of  the  activated 
complex.  This  has  been  tested  on  many  nonenzymic  systems,  especially 
the  displacement  reaction  between  thiosulfate  and  bromoacetate  (where 
the  rate  constant  decreases  with  decreasing  dielectric  constant  since  these 
are  both  anions)  and  the  reactions  of  various  substances  with  hydrogen  or 
hydroxyl  ions,  such  as  the  proton-catalyzed  splitting  of  the  azodicarbonate 
ion  (where  a  marked  rise  in  the  rate  constant  with  decrease  in  dielectric 
constant  is  observed),  or  the  reaction  of  bromophenol  blue  with  hydroxyl 
ions.  Qualitative  correspondence  to  the  theoretical  expectations  is  always 
found  but  quantitative  differences  occasionally  occur  and  these  may  be 
due  to  hydration  changes  in  solvent  mixtures  and  to  the  use  of  the  bulk 
dielectric  constants. 

Experimental    Studies   of  Enzyme    Reactions 

The  effect  of  changes  in  the  dielectric  constant  on  the  rates  of  enzyme 
reactions  can  be  attributed  to  alterations  in  the  affinity  of  the  enzyme  for 
the  substrate,  or  to  alterations  in  the  rate  of  breakdown  of  the  ES  complex, 
or  to  both.  In  other  words,  there  may  be  changes  in  A',,  ii ,,  or  K„j.  The  over- 
all effect  on  the  rate  may  be  complex.  For  example,  in  the  reaction  of  a 
negatively  charged  substrate  with   a   positively  charged   active   site: 

S-  -f-  E+  —  ES  ^  E+  +  P- 

in  which  the  product  is  also  negatively  charged,  a  lowering  of  the  dielectric 
constant  will  decrease  both  K,  and  A'a,  the  former  tending  to  increase  and 
the  latter  tending  to  decrease  the  rate.  The  magnitude  of  the  effect  will, 
of  course,  depend  also  on  the  substrate  concentration  relative  to  K,  or 
K,,,,  since  only  changes  in  A-.,  will  be  important  when  the  enzyme  is  substrate- 
saturated  but  changes  in  K,  or  /iT,,,  will  be  increasingly  significant  as  the 
substrate  concentration  is  reduced. 

(a)  a-Chymotrypsin.  The  addition  of  methanol  up  to  concentrations 
around  30%  (D  =  64.3)  progressively  slows  the  rates  of  hydrolysis  of  a 
number  of  synthetic  substrates.  The  logarithm  of  the  proteolytic  coefficient 
for  the  hydrolysis  of  glycyl-L-tyrosinamide  and  benzoyl-L-tyrosine  ethyl 
ester  decreases  linearly  with  the  methanol  concentration  (Kaufman  et  al., 
1949).  With  acetyl-L-tyrosinamide  as  the  substrate,  it  was  subsequently 
shown  that  the  rate  constant  k^  is  unaltered  while  K,„  increases  from  0.0326 
to  0.0806,  when  20.8%  methanol  is  present  (Kaufman  and  Neurath,  1949). 
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Since  K^,^  in  this  case  is  kj^i  (k-i  being  negligible  compared  to  k^),  it 
was  concluded  that  /-^  must  decrease  as  the  dielectric  constant  is  lowered. 
The  possibility  that  methanol  was  acting  as  a  competitive  inhibitor  was 
eliminated.  The  formation  of  the  ES  complex  is  thus  slowed  by  a  reduction 
of  the  dielectric  constant  and  this  would  mean  that  either  the  substrate 
and  the  active  site  have  ionic  charges  of  the  same  sign  or  a  dipolar  inter- 
action involving  H+  or  0H~  transfer  from  the  solution  occurs.  Since  the 
substrate  is  not  ionic,  it  is  likely  that  the  second  explanation  is  correct. 
However,  the  possibility  of  effects  of  the  dielectric  constant  on  the  ioniza- 
tion of  the  imidazole  group  at  the  active  center  should  also  be  considered. 

Laidler  has  used  these  data  and  his  own  to  determine  the  entropies  of 
activation  for  the  formation  of  the  ES  complex  and  for  its  subsequent  reac- 
tion (Laidler,  1958,  p.  206;  Barnard  and  Laidler,  1952).  Liasmuch  as  the' 
variation  of  the  free  energy  of  activation  with  the  temperature  allows  one 
to  calculate  the  activation  entropy,  and  since  the  free  energy  can  be  par- 
titioned into  electrostatic  and  nonelectrostatic  fractions,  it  is  possible  to 
determine  the  contributions  of  these  two  fractions  to  the  over-all  entropy 
change.  These  activation  entropies  are  very  useful  in  interpreting  the  mo- 
lecular events  occurring  during  the  enzyme  reaction  —  changes  in  hydra- 
tion or  the  state  of  water,  separation  of  charges,  structural  modification  of 
the  enzyme  protein,  and  related  events  —  but  Laidler  has  pointed  out 
the  difficulties  involved  in  work  with  mixed  solvents  and  one  really  cannot 
be  at  all  certain  that  these  deductions  are  quantitatively  valid. 

A  very  interesting  piece  of  work  —  and  a  disturbing  one  to  lovers  of 
simplicity  —  on  the  effects  of  organic  solvents  on  the  hydrolysis  of  methyl 
hippurate  by  a-chymotrypsin  has  been  reported  more  recently  by  Apple- 
white and  associates  (1958)  and  the  results  cast  some  doubt  on  the  in- 
terpretation of  the  rate  effects  as  due  entirely  to  changes  in  the  dielectric 
constant.  A  number  of  organic  substances  were  used  and  the  effects  on 
the  kinetic  constants  often  differed  (Table  15-2).  For  example,  methanol 
increases  K^.^  and  decreases  A'2,  whereas  acetone  increases  K,,,  but  has  no 
effect  on  k^.  A  general  conclusion  is  that  in  all  cases  there  is  a  rise  in  the 
Michaelis  constant,  K„j,  and  this  probably  reflects  the  response  of  k-^  to 
the  lower  dielectric  constant.  Furthermore,  since  ko  is  unchanged  by  metha- 
nol when  acetyl-L-tyrosinamide  is  the  substrate  (Kaufman  and  Neurath, 
1949)  and  is  markedly  decreased  when  methyl  hippurate  is  the  substrate, 
different  reaction  sequences  must  be  postulated.  Finally,  plots  of  log  ^,„ 
against  1/Z),  or  l/D-,  or  {D  —  l)l(2D  +  1),  are  all  nonlinear.  There  is  a 
rough  correlation  between  TiT,,,  and  the  dielectric  constant  in  those  cases 
where  A^g  is  unchanged  but  it  is  not  sufficient  to  conclude  that  the  dielectric 
constant   is   the   sole   factor   involved. 

(6)  Myosin  adenosinetriphosphatase.  Inasmuch  as  ATP  is  a  highly  charged 
anionic  substrate,  it  would  be  reasonable  to  expect  a  large  electrostatic 
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Table  15-2 

Effects  of  Organic  Substances  on  the  Hydrolysis  of   Methyl  Hippurate 

BY   o-Chymotrypsin  " 


Nonaqueous 

Concentration 

Dielectric 
constant 

Km 

component 

Vol.  % 

M 

h 

None 

78.5 

7.55 

2.91 

Methanol 

5 

1.24 

76.2 

17 

0.76 

10 

2.49 

74.1 

20 

0.44 

Acetone 

5.0 

0.69 

75.8 

12 

2.9 

10.1 

1.38 

73.0 

21 

2.8 

15.2 

2.08 

70.0 

28 

2.8 

20.4 

2.79 

67.0 

40 

2.7 

Dioxane 

5 

0.59 

74.1 

25 

2.8 

10 

1.18 

69.7 

50 

2.8 

15 

1.78 

65.2 

92 

2.7 

tert-Butanol 

10 

1.87 

70.0 

13 

2.26 

"  From  Applewhite  et  al.  (1958). 

component  in  the  interaction  with  the  enzyme  and  a  greater  affinity  between 
the  enzyme  and  the  substrate  at  lower  vakies  of  the  dielectric  constant. 
This  has  indeed  been  found  by  Laidler  and  Ethier  (1953)  to  be  the  case. 
The  Michaelis  constant  decreases  progressively  as  the  methanol  concen- 
tration is  raised  to  30%  (Table  15-3).  Simultaneously  the  rate  constant, 
^2,  for  the  breakdown  of  the  ES  complex  is  slightly  increased.  The  over-all 
enzyme  rate  in  mixtures  of  water  and  dioxane  increases  as  the  dioxane  con- 


Table  15-3 
Effects  of  Methanol  on  the  Kinetic  Constants  of  Myosin  ATPase  "■ 


Methanol 

concentration 

(vol.  %) 

Dielectric 
constant 

Km 

K 

(mif) 

(sec~i) 

0 

78.5 

0.0128 

104 

10 

74.1 

0.0122 

106 

20 

69.2 

0.0096 

113 

30 

64.3 

0.0078 

117.5 

40 

59.6 

0.0082 

123 

'^  From  Laidler  and  Ethier  (1953).  The  dielectric  constants  were  taken  from  Harned 
and  Owen  (1958)  and  are  significantly  lower  than  the  values  used  by  Laidler  and  Ethier. 
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centration  is  raised  to  20%  and  then  declines.  The  breakdown  of  the  ES 
complex  to  inorganic  phosphate,  ADP,  and  free  enzyme  can  be  visualized 
as  two  separate  reactions:  the  splitting  off  of  a  negatively  charged  phosphate 
from  the  negatively  charged  ATP  molecule,  and  the  release  of  the  negatively 
charged  ADP  from  a  positively  charged  active  center.  The  rate  of  the  for- 
mer reaction  would  presumably  be  increased  by  a  low  dielectric  constant 
and  the  rate  of  the  latter  reaction  decreased.  The  observed  increase  in  k^ 
might,  therefore,  be  attributed  to  the  effect  on  phosphate  splitting. 

Laidler  and  Ethier  used  these  data  to  obtain  the  electrostatic  and  non- 
electrostatic  contributions  to  the  entropy  change  in  the  formation  of  the 
ES  complex  and  to  the  activation  entropy  for  the  breakdown  of  the  complex. 
Since  the  Michaelis  constant  here  appears  to  be  the  true  substrate  constant, 
Kg,  its  variation  with  the  dielectric  constant  provides  direct  information 
on  the  affinity  between  the  enzyme  and  the  substrate.  They  found  that  AS^^ 
=  25  e.u.  and  from  the  total  entropy  change,  AS  =  49  e.u.,  the  nonelectro- 
static  contribution,  ASnf,g  —  24  e.u.  Thus  the  electrostatic  and  nonelectro- 
static  contributions  were  approximately  equal.  Now,  the  calculation  of 
ASgg  involves  an  expression  proportional  to  {dDldT)jD^.  Laidler  and  Ethier 
used  bulk  dielectric  constants  and  the  question  arises,  as  it  always  does, 
as  to  the  validity  of  this.  Since  we  do  not  know  the  separation  distance 
between  the  enzyme  and  the  substrate,  it  is  impossible  to  estimate  exactly 
the  microscopic  dielectric  constant  that  is  applicable.  However,  if  one  as- 
sumes a  separation  of  around  7  A,  which  would  compare  roughly  with  other 
ion-ion  interactions,  the  microscopic  dielectric  constant  would  be  about 
one-half  the  bulk  dielectric  constant;  likewise,  (W/dT  would  be  about  one- 
half  that  for  the  bulk  dielectric  constant.  Under  these  assumptions,  AS^g 
would  be  calculated  to  be  about  twice  the  value  obtained  by  Laidler  and 
Ethier,  namely  50  e.u.,  which  would  imply  that  the  total  entropy  change 
for  the  formation  of  the  ES  complex  would  be  entirely  electrostatic.  This 
might  actually  be  more  reasonable  considering  the  highly  charged  nature 
of  ATP  and  the  low  binding  energies  of  adenosine  and  AMP.  This  large 
entropy  change  would  perhaps  be  associated  with  a  marked  release  of 
water  of  hydration.  A  change  in  the  local  configuration  of  the  enzyme 
must  also  be  considered.  In  any  event,  this  example  illustrates  some  of 
the  difficulties  inherent  in  the  quantitative  interpretation  of  dielectric 
studies. 

(c)  Papain.  The  effects  of  methanol  on  the  hydrolysis  of  benzoyl-L-arginin- 
amide  by  papain  are  shown  in  Table  15-4  (Smith  et  al.,  1955;  Stockell  and 
Smith,  1957).  As  the  methanol  concentration  is  increased,  iiC,„  becomes 
larger  and  ko  is  relatively  unchanged.  Since  plots  of  log  K„^  or  log  k2  against 
1/Z)  are  not  linear  and  since  an  opposite  effect  on  K„,  was  anticipated,  in 
the  earlier  report  it  was  concluded  that  the  methanol  reacted  with  the  pa- 
pain active  site  by  hydrogen  bonding  and  interfered  with  the  binding  of 
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Table  15-4 
Effects   of  Methanol  ox  the   Kln'etic  Constants   of  Papain   " 


Methanol 

Dielectric 
constant 

A',„ 

h 

concentration  (vol.  %) 

(mif) 

(sec~i) 

Temperature:  5°; 

pH:  4.5 

0 

86.2 

66 

2.12 

10 

82.6 

72 

2.08 

20 

79.0 

89 

2.10 

30 

75.3 

83 

1.48 

50 

66.5 

143 

1.19 

Temperature:  38°; 

pH  5.2 

0 

73.8 

39 

11.0 

10 

70.3 

54 

11.8 

20 

66.9 

71 

9.9 

30 

63.3 

98 

9.8 

50 

55.3 

168 

9.8 

"  From  Stockell  and  Smith  (195"; 
what   too  high  for  the   mixtures. 


The  dielectric  constants  may  possibly  be  some- 


the  substrate.  However,  more  complete  data  and  a  re-evaluation  of  the 
meaning  of  Ky„  led  Stockell  and  Smith  more  recently  to  explain  the  effects 
in  terms  of  the  dielectric  constant.  In  the  first  place,  K„i  was  found  to  be 
k^jki  and  not  the  substrate  constant.  "When  log  kolK,,^  was  plotted  against 
1/Z),  a  straight  line  was  obtained;  this,  of  course,  means  that  log  k^  plotted 
against  1  ID  is  linear  and  that  the  rate  of  formation  of  the  ES  complex  does 
behave  as  expected  with  regard  to  the  variation  of  the  dielectric  constant. 
In  the  second  place,  the  use  of  isopropanol  gave  the  same  dependence  of 
the  constants  on  the  dielectric  constant  and  yet  isopropanol  would  not  be 
expected  to  hydrogen  bond  to  the  enzyme  as  readily  as  methanol.  Since 
ki  decreases  with  a  lowering  of  the  dielectric  constant,  the  formation  of  the 
ES  complex  must  involve  interactions  Ijetween  ionic  groups  of  like  charge 
or  between  dipoles  oriented  in  the  same  direction.  How  this  correlates  with 
the  suggested  reaction  scheme,  in  which  a  positively  charged  substrate 
group  interacts  with  a  negatively  charged  carboxylate  group  on  the  enzyme, 
is  unknown. 

{d)  Pancreatic  carboxy peptidase.  The  effects  of  several  organic  solvents 
on  the  hydrolysis  of  carbobenzoxyglycyl-L-tryptophan  by  carbox>T)epti- 
dase  were  studied  by  Lumry  and  Smith  (1955)  but  the  results  were  only 
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partially  reported.  Plots  of  (S)/v  against  (S)  at  different  concentrations  of 
methanol  show  that  the  slope  is  changed  but  the  intercept  remains  con- 
stant. This  means  that  k^  is  decreased  with  increasing  methanol  or  decreas- 
ing dielectric  constant  and  that  ^,„  is  relatively  unaffected.  Since  ^,„ 
for  carboxypeptidase  is  probably  k^jk-y,  this  would  indicate  that  k^  must 
also  decrease  in  media  of  lower  dielectric  constant.  However,  the  other 
organic  substances  (ethanol,  isopropanol,  and  dioxane)  had  pronounced 
effects  on  the  intercept  indicating  a  marked  increase  in  k^.  It  was  iDointed 
out  that  these  results  with  other  solvents  make  the  interpretation  of  the 
methanol  work  more  difficult,  but  might  point  to  electrostatic  rearrange- 
ments in  the  activated  complex  of  the  rate-limiting  step. 

(e)  Yeast  enolase.  Methanol,  ethanol,  and  dioxane  all  depress  the  rate  of 
the  enolase  reaction  under  conditions  in  which  the  enzyme  is  saturated 
with  Mg++  and  the  substrate  (Westhead  and  Malmstrom,  1957).  When  the 
rate  is  plotted  against  the  concentration  of  the  organic  solvent,  the  points 
all  fall  essentially  on  one  curve,  although  the  dielectric  constant  changes 
produced  by  these  substances  are  quite  different.  The  decreased  rate  must 
be  due  to  either  a  decrease  of  A-g  or  of  the  concentration  of  active  enzyme. 
Temperature  studies  showed  there  is  no  effect  on  the  activation  energies 
and  thus  it  is  unlikely  that  k^  is  altered.  Denaturation  of  the  enzyme  by 
the  solvents  or  the  formation  of  inactive  aggregates  by  association  were 
eliminated  as  possible  explanations.  It  was  concluded  that  the  solvents 
acted  by  displacement  of  water  rather  than  by  a  dielectric  effect.  This  de- 
crease in  the  water  concentration  might  affect  the  degree  of  dissociation  of 
proton-transferring  groups  at  the  active  center.  If  this  explanation  is  cor- 
rect, it  would  emphasize  the  importance  of  considering  the  effects  of  or- 
ganic solvents  on  ionization  constants  and  proton  association,  factors  sel- 
dom mentioned  in  work  on  other  enzymes. 

For  the  useful  interpretation  of  studies  in  which  the  dielectric  constant 
is  changed,  the  attitude  expressed  by  Westhead  and  Malmstrom  is  neces- 
sary. "While  useful  information  may  be  obtained  from  the  use  of  solvent 
mixtures  in  studying  enzyme  kinetics,  the  situation  may  be  very  complex. 
Results  obtained  from  limited  experiments  may  easily  be  subject  to  gross 
errors  in  interpretation,"  This  point  is  particularly  important  and  one  is 
justified  in  being  sceptical  of  conclusions  based  on  the  use  of  only  one 
organic  solvent.  Ideally  such  work  should  include  results  from  several 
solvents  over  as  wide  a  range  of  concentrations  as  possible  and  should 
test  the  effects  of  these  solvents  on  the  pH  and  temperature  characteristics 
of  the  reaction  studied.  Furthermore,  all  the  possibilities  by  which  these 
solvents  may  alter  the  kinetics  must  be  examined  and  the  interpretation 
must  not  be  based  solely  on  the  changes  in  the  dielectric  constant. 

The  effects  of  solvent-water  mixtures  on  enzyme  kinetics  have  been 
discussed  in  some  detail  because  there  have  been  no  studies  on  inhibition. 
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The  principles  brought  out  above  are,  however,  applicable  to  inhibition. 
Indeed,  in  most  instances  the  investigation  of  the  effects  of  solvents  or 
dielectric  constant  on  inhibition  kinetics  would  be  more  straightforward 
and  more  readily  interpretable  than  in  the  case  of  enzyme  kinetics,  because 
one  would  not  have  to  deal  with  a  sequence  of  reactions.  Changes  observed 
in  Ki  would  reflect  directly  alteration  in  the  affinity  of  the  enzyme  for 
the  inhibitor,  although  the  same  care  would  have  to  be  exercised  in  the 
attribution  of  the  results  to  a  change  in  the  dielectric  constant. 

EFFECTS  OF  SALT  CONCENTRATION  AND  IONIC 
STRENGTH 

Changes  in  the  electrolyte  concentration  of  media  will  usually  alter 
the  kinetics  of  enzyme  reactions  and  the  susceptibility  of  the  enzymes  to 
inhibitors.  As  in  the  variation  of  the  dielectric  constant  by  the  addition 
of  organic  substances,  the  effects  upon  enzymes  of  adding  neutral  salts  may 
be  due  to  a  variety  of  mechanisms,  some  nonspecific  (such  as  brought  about 
by  changes  in  the  ionic  strength)  and  some  specific  (such  as  result  from 
particular  reactions  of  certain  ions  with  either  the  enzyme  or  the  other 
components  of  the  reaction).  If  one  could  be  certain  in  any  case  that  the 
variation  of  the  salt  concentration  is  producing  effects  upon  the  kinetics 
that  are  entirely  attributable  to  changes  in  the  ionic  strength,  it  would 
be  easier  to  interpret  the  results  quantitatively  and  to  obtain  useful  infor- 
mation relative  to  the  molecular  events  that  are  involved  in  the  catalysis 
or  the  inhibition.  Inasmuch  as  the  primary  object  here  is  to  determine  the 
effects  of  the  ionic  strength  on  enzyme  and  inhibition  kinetics,  it  will  first 
be  necessary  to  outline  and  discuss  briefly  the  other  types  of  effects  that 
may  be  observed  upon  changing  the  ionic  composition  of  the  medium. 

General  Classification  of  Salt  Effects 

The  possible  effects  of  changing  the  salt  concentration  on  enzymes  may 
be  most  broadly  designated  as  (1)  those  producing  changes  in  the  solvent 
water,  (2)  those  directly  affecting  the  interaction  between  the  enzyme  and 
the  other  components  of  the  system,  and  (3)  those  indirectly  affecting  such 
interactions. 

{a)  Changes  in  the  properties  of  water.  Addition  of  electrolytes  alters  the 
bulk  dielectric  constant  of  water.  This  effect  is  linear  with  the  salt  con- 
centration and  was  expressed  by  Hasted  et  al.,   (1948)   as: 

D  =  Do  +  2  6c  (15-67) 

where  D  is  the  dielectric  constant  of  the  salt  solution,  D^  is  the  dielectric 
constant  of  pure  water  at  25°,  c  is  the  salt  concentration,  and  S  is  the  molar 
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depression  of  the  dielectric  constant.  The  values  of  d  for  KCl  and  NaCl  are 
—  5  and  —  5.5  liters/mole,  respectively,  and  thus  for  most  enzymic  work 
Eq.  15-67  may  be  written  simply  as  D  =  Dq  —  10c.  Since  salt  concentra- 
tions higher  than  0.5  M  have  seldom  been  used  in  studies  of  enzymes,  a 
maximal  decrease  in  the  dielectric  constant  of  5  would  be  expected.  It 
would  appear  likely  that  this  factor  is  a  relatively  minor  one  in  this  range 
of  salt  concentrations.  Furthermore,  the  effect  of  the  salt  concentration 
on  the  microscopic  dielectric  constant  is  actually  the  more  important  con- 
sideration and  about  this  one  can  say  very  little.  Another  effect  that  might 
be  brought  about  by  the  addition  of  salts  is  a  reduction  in  the  concentra- 
tion of  free  water  due  to  the  hydration  of  the  ions.  However,  in  the  range 
of  concentrations  used  in  enzyme  work  this  is  probably  a  negligible  factor; 
it  can  be  much  more  important  in  mixtures  of  water  with  organic  solvents. 

(b)  Changes  in  the  activity  coefficients  of  the  enzyme  reaction  com/ponents . 
This  is  the  factor  that  is  responsible  for  directly  affecting  the  interactions 
between  charged  groups.  One  may  look  at  this  effect  in  a  variety  of  ways. 
As  the  electrolyte  concentration  rises,  the  ionic  atmosphere  surrounding 
each  charged  molecule  and  group  is  increased;  i.e.,  the  density  of  ions  of 
opposite  charge  to  the  central  ion  will  increase  with  the  number  of  ions 
present.  This  may  be  said  to  reduce  the  electrical  potential  of  each  ion  and 
hence  the  attraction  between  ions  of  opposite  sign  will  decrease.  One  may 
also  speak  of  a  competition  between  the  nonspecific  ions  and  the  substrate 
(or  inhibitor)  for  the  enzyme  active  site.  The  deviation  from  the  kinetics 
of  ideal  or  very  dilute  solutions  is  mainly  due  to  this  ionic  atmosphere  and 
this  is  the  basis  for  the  Debye-Hiickel  treatment  of  activity  coefficients  in 
real  solutions.  All  of  these  viewpoints  are  basically  the  same.  This  is  the 
only  direct  effect  dependent  on  the  ionic  strength  and  it  will  be  treated 
quantitatively  and  in  more  detail  in  a  later  section. 

(c)  Cfianges  in  the  "properties  of  tJie  enzyme  or  its  reaction  components.  The 
ionization  constants  of  protein  groups  vary  with  the  ionic  strength  and  thus 
a  change  in  the  salt  concentration  could  alter  the  p-Sl^/s  of  enzyme  groups 
near  the  active  center,  secondarily  altering  the  over-all  charge  distribution 
and  the  affinity  between  the  enzyme  and  whatever  reacts  with  it.  Similar 
changes  on  the  substrate  or  inhibitor  molecules  could  also  occur.  The  ef- 
fects of  changes  in  the  ionic  strength  on  the  acid  dissociation  constants  of 
peptides  and  proteins  are  discussed  thoroughly  by  Colm  and  Edsall  (1943). 
The  fundamental  reason  for  a  change  in  the  -pK,,  is  the  changes  in  the  ac- 
tivity coefficients  of  the  ionic  species  involved  in  the  acid-base  dissociation 
as  discussed  many  years  ago  by  Bronsted  (1928).  The  extended  Debye- 
Hiickel  equation  for  the  activity  coefficient  of  an  ion  is: 

0.509z^V7" 

logy  =- —^  +  KsoS  (15-68) 

1  +  0.327J-,,  V  s 
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at  37°,  where  y  is  the  ionic  activity  coefficient,  z  is  the  charge  number  for 
the  ions  (usually  unity  for  most  enzyme  work),  s  is  the  ionic  strength,  /„ 
is  the  closest  distance  of  approach  of  two  oppositely  charged  ions,  and  K^^ 
is  the  salting-out  constant  (pertaining  to  the  nonionic  portions  of  the  mole- 
cules and  related  to  the  change  in  the  dielectric  constant).  The  acid  disso- 
ciation constant  for  a  group  in  a  salt  solution  can  then  be  written  as: 

pX.  .  pi...  -        ^^^^^  ,15-69, 

"        1  +  0.327ro  V  s 

where  p^^  is  the  dissociation  constant  when  the  ionic  strength  is  zero.  If 
we  assume  unit  charges  on  the  ions  and  )\  =  4  A,  the  change  in  the  \>K^ 
upon  changing  the  ionic  strength  from  s^  to  s^  would  be  given  by: 


zlpZa  =  0.509 


Vs,  V" 


1    +  1.31  Vsi  1+1.31  \/s2    . 


;i5-70) 


Addition  of  KCl  or  NaCl  to  increase  the  ionic  strength  from  a  physiological 
value  of  0.16  to  0.5  would  decrease  the  p^^  by  0.053  on  this  theoretical  basis. 
The  piC^  of  acetic  acid  in  NaCl  solutions  at  25°  falls  from  4.527  to  4.479 
when  the  ionic  strength  is  increased  from  0.16  to  0.5  and  thus  in  this  case 
Zlp^a  =  0.048.  The  piC^'s  of  phosphoric  acid  have  been  found  experimen- 
tally to  obey  an  equation  of  the  form,  p-K",  =  A  —  B  y  s  ,  where  the  con- 
stants A  and  B  have  different  values  for  the  three  ionizations:  A^  =  2.12 
and  5i  =  0.467,  A^  =  6.944  and  B.^  =  0.562,  and  A^  =  12.185  and  B^  = 
1.494  (Elliot  et  al.,  1958),  and  it  may  be  expected  that  most  acidic  ioniza- 
tions will  take  either  this  form  or  that  of  Eq.  15-69.  It  is  seen  that  JvK^ 
is  never  very  large  in  the  range  of  ionic  strength  usually  used  but  if  the  piC^ 
is  close  to  the  experimental  pH  of  the  enzyme  medium,  an  appreciable  al- 
teration of  the  equilibrium  may  be  induced.  Not  only  will  the  local  charge 
pattern  on  an  enzyme  be  changed  but  the  total  protein  charge  will  usually 
be  shifted  by  a  modification  of  the  ionic  strength,  and  this  can  have  signi- 
ficant effects  on  the  association  of  substances  with  the  enzyme  as  discussed 
in  Chapter  6.  It  is  well  known  that  the  electrophoretic  behavior  of  proteins 
is  modified  by  the  salt  concentration,  reflecting  changes  in  the  over-all 
protein  charge.  This  is  an  expression  of  the  fact  that  the  isoionic  point  is 
a  function  of  the  ionic  strength.  In  addition,  increase  in  the  ionic  strength 
reduces  the  mobility  by  the  effect  of  the  ionic  atmosphere  on  the  potential. 
It  is  quite  possible  in  certain  instances  that  a  change  in  salt  concen- 
tration could  alter  the  protein  structure  by  affecting  the  normal  forces 
between  groups  on  the  polypeptide  chains  or  by  changing  the  hydration 
of  the  proteins.  In  those  proteins  or  enzymes  where  association  between 
units  occurs,  this  may  also  be  modified  by  salt  concentration,  and  if  the 
enzyme  activity  or  the  susceptibility  to  inhibition  varies  with  this  associa- 
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tion  this  can  be  another  way  in  which  salt  effects  arise.  Proteins  such  as 
ovalbumin,  y-globulin,  and  serum  albumin  appear  to  be  electrophoretically 
inhomogeneous  and  composed  of  a  variety  of  units  differing  in  total  charge 
(Cann  and  Phelps,  1957).  Equilibrium  between  these  is  affected  by  salt 
concentration  and  it  was  concluded  that  some  structural  changes  are  pro- 
duced in  the  proteins.  There  is  no  reason  why  certain  enzymes  may  not 
behave  similarly. 

(d)  Specific  ion  binding.  When  an  electrolyte  is  added  to  an  enzyme  prep- 
aration, one  must  always  consider  the  possibility  that  one  or  both  of  the 
ions  reacts  specifically  with  either  the  enzyme  or  the  other  components  of 
the  system.  By  a  specific  interaction  is  meant  an  association  of  an  ion  with 
a  group  that  is  significantly  more  pronounced  than  would  be  exjDected  on 
the  basis  of  simple  electrostatic  attraction  such  as  occurs  to  produce  the 
ionic  atmosphere.  Ions  such  as  calcium  are  particularly  prone  to  associate 
with  groups  on  enzymes,  substrates  or  inhibitors.  The  binding  of  Ca++  to 
serum  albumin  involves  an  interaction  energy  of  4.3  kcal/mole  (Katz  and 
Klotz,  1953)  indicating  a  specific  affinity  for  some  groups  on  the  proteins. 
Many  have  assumed,  however,  that  the  common  ions,  Na+,  K+,  and  Cl~, 
are  not  specifically  bound.  Yet  Lewis  and  Saroff  (1957)  have  demonstrated 
differential  binding  of  Na+  and  K+  to  myosin  and  Saroff  (1957)  has  reported 
different  dissociation  constants  for  the  comijlexes  of  various  amphoteric 
substances  with  Na+,  K+,  and  Li+.  It  was  concluded  that  a  certain  struc- 
tural specificity  is  required  and  that  a  form  of  chelation  may  be  involved. 
Thus  one  cannot  be  confident  of  a  lack  of  si)ecific  salt  effects  even  when 
NaCl  and  KCl  are  used  to  alter  the  ionic  strength.  In  this  connection,  stud- 
ies designed  to  determine  the  effects  of  ionic  strength  on  enzyme  reactions 
would  generally  be  improved  if  more  than  one  salt  were  used.  In  this  way 
specific  effects  might  be  detected  and  corrections  would  be  possible.  It  is 
actually  very  difficult  to  draw  a  distinct  line  between  specific  and  nonspe- 
cific effects  in  certain  instances.  It  need  scarcely  be  said  that  in  enzyme 
reactions  involving  an  ionic  cofactor,  such  as  Mg++,  special  attention  should 
be  given  to  the  possibility  of  a  direct  competition  by  the  added  ions. 

Effects  of  Changes  in  the  Ionic  Strength  on   Dissociation  Constants 

The  dissociation  constants  of  the  ES  or  EI  complexes,  or  of  any  other 
complexes  that  may  occur  in  the  enzyme  reaction  or  inhil)ition,  would  be 
expected  to  vary  with  the  ionic  strength.  The  type  of  variation  will  depend 
on  the  nature  of  the  forces  Ijetween  the  interacting  species.  We  shall  first 
consider  ionic  interactions  because  these  are  treated  more  readily  in  a 
quantitative  manner.  The  approach  is  based  on  the  variation  of  the  activity 
coefficients  of  the  interacting  molecules  with  the  ionic  strength.  It  has  been 
customary  to  write  the  expression  for  the  dissociation  constant  in  terms  of 
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the  thermodynamic  activities  of  the  substances.  For  a  simple  EI  complex : 
£,=  J^=i5><^Z^  (15-71, 

"  ttei  (EI)  yei 

where  the  y's  represent  the  activity  coefficients.  K^  is  the  true  thermody- 
namic dissociation  constant  of  the  EI  complex.  The  classic  or  observed  dis- 
sociation constant  is  (E)(1) /(EI)  which  we  may  designate  in  the  usual  man- 
ner by  K^  and  thus: 

K,=K.-^^~  (15-72) 

yeVi 

Since  an  increase  in  the  ionic  strength  reduces  the  activity  coefficients  of 
ions,  it  will  lead  to  a  rise  in  the  observed  K^.  The  activity  coefficients  are 
usually  expressed  in  the  simple  limiting  form  of  the  Debye-Hiickel  equa- 
tion: 

log  y  =  -  0.509z^  VT  (15-73) 

where  z  is  the  charge  on  the  ion  under  consideration.  Taking  the  logarithm 
of  each  side  of  Eq.  15-72  and  substituting  from  Eq.  15-73: 

p^,  -  pZ,„  -  0.509  VTiz;  +z]  -  z'J  (15-74) 

Since  in  most  cases,  z^^  =  z^  +  z{. 

pZ,  =  vKi^  +  1.022,2,  \/ 7  (15-75) 

If  the  charges  on  the  inhibitor  and  the  enzyme  active  site  are  opposite,  as 
is  usually  the  case,  and  are  unity: 

vKi  =  vKi^  -  1.02  vT  (15-76) 

A  i^lot  of  the  observed  i>K^  against  \/Y  would  give  a  straight  line,  from  the 
slope  of  which  some  idea  of  the  charge  on  the  enzyme  site  might  be  obtained, 
knowing  the  charge  on  the  inhibitor. 

Although  this  treatment  leads  to  simple  equations  that  may  be  readily 
plotted,  it  is  not  accurate  enough  when  the  ionic  strength  is  over  0.05,  as 
it  is  in  most  studies  on  enzymes;  indeed  deviations  from  Eq.  15-73  appear 
when  the  ionic  strength  reaches  0.01.  Therefore,  we  must  use  a  more  refined 
treatment  to  express  the  variation  of  the  activity  coefficient.  Equation 
15-68  affords  an  expression  that  is  reasonably  accurate  for  ionic  strengths 
up  to  1  and  will  be  satisfactory  for  most  enzyme  work.  Substituting  from 
this  equation  in  Eq.  15-72  and  assuming  that  r,,  =  4  A,  the  resulting 
expression  for  p^^  is  similar  to  Eq.  15-75  with  the  corrections  for  finite 
ion  size  and  change  in  the  dielectric  constant: 

1.022,Zi    V  S  |^nrrJ. 

pKi  =  pKi   H -=^  +  K,oS  (15-77) 

1  +  1.31  V  s 
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When  the  ionic  strength  is  changed  from  s^  to  s^,  the  change  in  p^^  is  then 
given  by: 

V  Si  Vs2 


ApK,  =  1.02 


1  +  1.31  Vsi  1  +  1.31  V  S2 


+  Ksois,  -  s,)      (15-78) 


if  the  charges  on  the  enzyme  and  inhibitor  are  of  opposite  sign.  The  ratios 
of  Kj  to  Kj   at  different  ionic  strengths  are  shown  in  Fig.  15-17  as  calcu- 


FiG.  15-17.  Variation  of  the  ratio  KJKi   with  the  ionic  strength, 

0 

using  the  hmiting  Debye-Hiickel  equation  (A)  and  the  complete 
Debye-Hiickel  equation  (B). 


lated  from  Eq.  15-77  and  compared  with  the  ratios  calculated  from  the 
simple  Debye-Hiickel  expression  and  Eq.  15-76.  The  deviation  beyond  an 
ionic  strength  of  0.01  is  easily  observed  and  the  difference  between  the  two 
treatments  is  very  marked  at  higher  ionic  strengths. 
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A  sample  calculation  will  illustrate  the  magnitude  of  the  effects  on 
inhibition  to  be  expected  from  variation  of  the  ionic  strength.  Let  us  as- 
sume that  the  ionic  strength  is  changed  from  the  normal  physiological  value 
of  0.16  to  0.5  by  the  addition  of  KCl,  for  which  K,^  =  0.0202.  From  Eq. 
15-78  it  is  found  that  zJp^,  will  be  —  0.10.  The  noncompetitive  inhibition 
at  s  =  0.16  for  a  system  with  K^=  I  mM  and  (I)  =  1  mM  is  50%.  A 
rise  in  the  ionic  strength  to  0.5  will  increase  K^  to  1.26  milf  and  reduce  the 
inhibition  to  44.2%.  The  effect  on  competitive  inhibition  will,  in  general, 
be  less  because  there  will  usually  be  an  increase  in  K^,  i.e.,  a  decreased  affi- 
nity of  the  enzyme  for  the  substrate.  If  the  above  system  were  competitive 
and  ^^  =  1  mM  and  (S)  =  1  mM,  the  inhibition  would  be  33.3%;  a  rise  in 
the  ionic  strength  to  0.5  would  lower  the  inhibition  to  30.7%.  The  effects 
of  even  rather  large  changes  in  the  ionic  strength  are  quite  small,  particularly 
when  the  range  of  ionic  strength  investigated  is  above  0.1.  If  the  K^  is  1  mM 
when  s  =  0  and  the  ionic  strength  is  increased  to  0.16  with  KCl,  ^TpK^  may 
be  calculated  to  be  —  0.264  and  K^  would  now  be  1.84  mM,  a  much  greater 
effect  than  produced  by  an  increase  in  the  ionic  strength  from  0.16  to  0.5. 

The  question  may  be  raised  as  to  whether  the  substrate  and  inhibitor 
constants  determined  by  the  usual  plotting  i^rocedures  are  actually  the 
classic  dissociation  constants  expressed  by  Eq.  15-72.  If  the  derivation  of 
the  Michaelis-Menten  equation  is  made  using  activities  and  the  thermody- 
namic dissociation  constants,  K,    and  K,  ,  the  equation  for  the  rate  is: 

Vi  =  f 7^:^ ^^  (15-79) 


(S)  +  K,^    ^ 


YeVs 


1  +-1^    y^^i 


Thus  the  constants  calculated  from  the  analytical  plotting  procedures,  e.g., 
the  \\v  against  1/(S)  plot,  are  dependent  on  the  activity  coefficients  in  the 
way  indicated  above. 

From  these  theoretical  considerations,  some  general  i^rinciples  regarding 
the  optimal  approach  to  ionic  strength  studies  emerge.  In  the  first  place, 
one  must  be  very  accurate  inasmuch  as  the  changes  to  be  expected  are 
small  if  the  effect  is  purely  related  to  the  ionic  strength.  Secondly,  one 
should  use  as  wide  a  range  of  ionic  strengths  as  is  compatible  with  the  en- 
zyme being  investigated.  Also  it  is  often  better  to  work  at  the  low  range 
of  ionic  strengths  (i.e.,  below  s  =  0.1)  because  the  changes  in  the  dissocia- 
tion constants  and  the  inhibitions  are  greater  in  this  range  (Fig.  15-17). 
Finally,  as  pointed  out  previously,  to  eliminate  specific  ionic  effects,  it  is 
well  to  use  two  or  more  different  salts  to  vary  the  ionic  strength. 

We  turn  now  to  the  problem  of  the  effects  of  salts  on  nonelectrostatic 
interactions  between  molecules.  The  decrease  in  the  solubility  of  most  non- 
polar  substances  with  increase  in  the  salt  concentration  is  a  well-known 
phenomenon  and  is  often  called  the  salting-out  effect.  This  is  an  expression 
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of  the  effect  of  the  ions  on  the  solvent  water  and  not  directly  on  the  solute 
molecules.  It  has  been  generally  found  that  the  activity  coefficents  of  or- 
ganic nonelectrolytes  increase  with  the  salt  concentration,  and  that  the 
relationship  is  adequately  described  by  the  equation: 

log  y  =  k,,s  (15-80) 

where  A^,,,  is  the  salting  coefficient.  However,  the  magnitude  of  the  effect 
is  dependent  on  the  salt  used  and  is  not  related  only  to  the  ionic  strength; 
that  is,  the  value  of  k„,  varies  with  the  salt  used  and  the  nonelectrolyte 
studied  (Harned  and  Owen,  1958,  p.  532).  The  values  of  k„,  for  addition  of 
KCl  vary  from  0.06  to  0.12  in  most  cases  and  the  mean  value  for  ten  non- 
electrolytes  is  about  0.10.  Thus  the  addition  of  KCl  to  bring  about  a  change 
of  +  0.1  in  the  ionic  strength  would  increase  the  activity  coefficient  by  a 
factor  of  1.023,  and  a  change  of  +  0.5,  which  is  about  maximal  for  most 
enzyme  work,  by  a  factor  of  1.122.  Thus  the  effects  on  interactions  of  the 
nonelectrostatic  type  are  small  and  probably  do  not  contribute  greatly 
to  changes  in  the  dissociation  constants  of  EI  complexes.  What  effect 
there  is  produces  a  change  in  K^  in  the  opposite  direction  to  that  occurring 
in  ionic  interactions  and  so  if  nonelectrostatic  forces  form  a  significant 
fraction  of  the  total  interaction  energy  of  an  inhibitor  with  an  enzyme, 
the  expected  increase  in  Kj  based  on  a  purely  ionic  interaction  may  be  re- 
duced somewhat. 

The  effects  of  the  ionic  strength  on  dipolar  interactions  and  hydrogen 
bonding  are  much  more  difficult  to  treat.  The  activity  coefficients  of  the 
strongly  dijDolar  amino  acids  may  be  either  increased  or  decreased  with 
increasing  salt  concentration,  depending  for  one  thing  on  the  ratio  of  polar 
to  nonpolar  groups  in  the  molecules.  Arguments  on  the  j)ossible  effects  of 
ionic  strength  on  hydrogen  bonding  have  been  presented  in  a  discussion  of 
a  paper  by  Kirkwood  (1954,  p.  23).  No  experimental  data  are  available. 
Boyer  and  Hammett  both  feel  that  there  should  be  very  little  if  any  ef- 
fect of  ionic  strength  while  Kirkwood  maintains  that  since  the  interaction 
is  electrostatic,  there  should  be  a  small  effect.  It  would  seem  that  one 
might  expect  an  effect  similar  to  that  observed  in  ion-ion  interactions  but 
much  smaller,  inasmuch  as  the  ionic  atmosphere  surrounding  dipoles  is 
certainly  of  less  electrical  density  than  around  ions. 

The  interactions  of  many  inhibitors  with  enzymes  involve  a  number  of 
different  types  of  forces  and  the  energy  terms  corresponding  to  each  of  these 
forces  will  vary  in  characteristic  ways  with  the  ionic  strength.  Thus  the  over- 
all effect  of  a  change  in  the  ionic  strength  on  K^  may  be  complex.  In  certain 
protein  interactions  an  increase  in  the  binding  with  an  increase  in  the  ionic 
strength  has  been  observed  and  Kirkwood  has  termed  this  an  inverse  ionic 
strength  effect  (Kirkwood,  1954).  A  possible  explanation  was  suggested  by 
Gutfreund  in  the  discussion  (p.  21):  if  the  binding  depends  on  a  large  van 
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der  Waals'  component  (due  to  a  structurally  favorable  complementariness 
over  an  extensive  area)  but  is  reduced  by  the  presence  of  oppositely  charg- 
ed groups,  an  increase  in  the  ionic  strength  would  reduce  the  electrostatic 
repulsion  and  hence  increase  the  interaction  energy.  Actually,  in  any  case 
in  which  the  binding  is  impeded  by  repulsion  between  ionic  groups,  even 
though  these  groups  are  not  part  of  the  specifically  interacting  regions,  the 
expected  decrease  in  binding  with  an  increase  in  the  ionic  strength  will  be 
either  reduced  or  inverted.  The  intimate  nature  of  the  interaction  should 
also  be  considered  because  in  some  instances  the  opposed  groups  may  be 
shielded  from  the  influence  of  ions  in  the  medium  and  hence  the  interaction 
energy  between  them  would  not  vary  in  the  same  way  as  if  they  were  ex- 
posed to  the  medium. 

Changes  in  the  Ionic  Strength  Produced  by  Additions  of  Substrate  or 

Inhibitor 

Ionic  substrates  or  inhibitors  increase  the  ionic  strength  of  the  medium 
and,  when  they  are  added  in  increasing  concentrations,  some  of  the  effects 
on  the  enzyme  rate  may  be  related  to  changes  in  ionic  strength.  This  is 
particularly  true,  of  course,  when  the  affinities  for  the  enzyme  are  low  and 
high  concentrations  must  be  used.  This  secondary  factor  could  so  modify 
the  kinetics  that  deviations  from  linearity  would  be  observed  in  the  ana- 
lytical plots  described  in  Chapter  5.  For  example,  in  the  plot  of  1/f  ^  against 
(I)  (type  D),  the  slope  is  ^,„/7„,^,(S);  if  K^  becomes  larger  with  increasing 
inhibitor  concentration  (due  to  the  increasing  ionic  strength),  the  slope  will 
decrease  and  the  curve  will  become  concave  downward.  Some  of  the  slight 
activations  and  inhibitions  reported  for  various  ions,  either  inorganic  or 
organic,  may  be  due.  at  least  in  part,  to  a  nonspecific  effect  of  the  ionic 
strength.  One  way  of  minimizing  such  effects  is  to  use  a  medium  with  a 
relatively  high  ionic  strength,  either  from  buffers  or  neutral  salts,  so  that  ionic 
strength  changes  due  to  the  substrate  or  the  inhibitor  will  be  less  effective. 

Effects  of  Changes  in  the  Ionic  Strength  on  Rate  Constants 

Variations  in  ionic  reaction  rates  with  salt  concentration  were  first 
put  on  a  firm  theoretical  basis  by  Bronsted  (1922,  1928)  who  introduced 
the  activity  coefficients  for  the  reactants  into  the  rate  equation.  Thus  for 
the  bimolecular  reaction: 

A  +  B^X^C  +  D  (15-81) 

where  X  is  the  activated  complex,  the  rate  is  given  by: 

V  =  A:o(A)(B)  ^"^  (15-82) 
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The  primary  salt  effect  is  the  result  of  the  variation  of  the  activity  coeffi- 
cients with  the  salt  concentration.  A  positive  salt  effect  (increase  in  the  rate 
on  addition  of  salts)  is  to  be  expected  when  the  ions  carry  charges  of  the 
same  sign;  a  negative  salt  effect  when  the  ions  are  of  opposite  signs.  The 
reasoning  here  is  the  same  as  in  the  previous  treatment  of  the  effects  of 
ionic  strength  on  dissociation  constants  and,  indeed,  the  equilibrium  in- 
volved in  the  formation  of  the  activated  complex  is  considered  to  be  the 
critical  factor  in  the  reaction  rate.  A  secondary  salt  effect  that  occurs  in 
some  reactions  was  defined  by  Bronsted  as  resulting  from  the  effects  of 
the  salt  concentration  on  acid-base  equilibria  whereby  the  actual  concentra- 
tions of  the  reactants  or  catalysts  are  changed.  Both  types  of  effect  can 
occur  in  enzyme  reactions. 

We  may  define  two  rate  constants,  just  as  in  the  treatment  of  dissocia- 
tion constants;  the  ordinarily  determined  rate  constant,  k,  and  the  true 
rate  constant,  fc^,  as  occurs  in  Eq.  15-82.  It  is  obvious  that: 

k  =  ko  ^^^^  (15-83) 

The  relation  between  these  constants  in  terms  of  ionic  strength  may  be 
expressed  either  by  the  use  of  the  simple  Debye-Hiickel  Eq.    15-73: 

log  k  =  log  h  +  1.022„2i,  W  (15-84) 

or  by  the  use  of  the  complete  Eq.  15-68: 

1  02z  z    \/  s 

log  k  =  log  h  +  — — j=.  +  Ksos  (15-85) 

1  +  1.31  V  s 

The  latter  equation  is  more  accurate  for  the  ranges  of  ionic  strength  usually 
tested  in  enzyme  reactions.  The  observed  rate  constant  thus  changes  with 
ionic  strength  to  the  same  degree  as  the  dissociation  constant  but  in  the 
opposite  direction.  This  theory  has  been  found  to  predict  satisfactorily 
the  rate  changes  of  nonenzymic  reactions  (Benson,   1960,  p.  527). 

This  treatment  api^lies  to  a  bimolecular  ionic  reaction.  Inasmuch  as 
the  rate  constant  A'.,  for  the  Ijreakdown  of  the  ES  complex  is  important  in 
determining  the  rate  of  an  enzyme  reaction,  we  must  now  consider  the  ef- 
fects of  ionic  strength  on  a  dissociation  reaction.  The  recovery  from  inhibi- 
tion may  also  depend  on  the  rate  constant  l'_i  for  the  dissociation  of  the 
EI  complex.  The  splitting  of  a  complex  AB  can  be  represented  in  the  tran- 
sition state  theory  as  follows: 

AB  —  X  -»  A  -f  B  (15-86) 

where  the  rate  is  proportional  to  tlie  concentratioii  of  the  activated  complex 
X,  i.e.,  V  =  A'2(X).  The  activated  complex  is  assumed  to  be  in  equilibriimi 
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with  AB  and  thus  K"^  =  (AB)/(X).  The  thermodynamic  equilibrium  con- 
stant is,  however,  written  in  term  of  the  activities: 

K.*  =  ^=S^l^  ,15-87) 

a^  (X)        y. 


The  rate  is  then  given  by: 


K     (AB)  -^^  =  A;o(AB)  ^^  (15-88) 


-"■0  7x 

where  the  unimolecular  rate  constant  h^  =  Ic^i^o-  The  observed  unimolecular 
rate  constant  may  be  written  as: 

h  =  A-o  ^^  (15-89) 

Therefore:  ^' 

log  k  =  log  h  -  0.509  V  s"(2^^  -  zD  (15-90) 

using  the  uncorrected  Debye-Hiickel  expression  for  the  activity  coefficients. 
It  is  evident  that  when  the  charges  on  AB  and  the  activated  complex  X 
are  the  same,  k  =  ^'q,  and  there  would  be  no  effect  of  changing  the  ionic 
strength.  The  charges  on  AB  and  X,  however,  may  not  be  the  same,  the 
formation  of  the  activated  complex  perhaps  involving  the  dissociation  or 
association  of  a  proton.  It  is  likely  that  in  any  case  there  will  be  no  more 
than  a  unit  charge  difference  so  that  when  AB  is  neutral,  log  klk^  will  equal 
it  0.509  \  s  .  Thus  the  rate  of  dissociation  of  a  complex  may  be  increased, 
decreased,  or  unaffected  by  a  change  of  the  ionic  strength. 

It  is  probable  that  in  many  enzyme  reactions,  the  situation  is  not  quite 
as  simple  as  this  and  the  decomposition  of  the  ES  complex  to  form  products 
must  be  written  in  several  steps,  such  as: 

ES  ^  Xi  ;i±  EP  ^  X2  ^  E  +  P  (1.5-91) 

so  that  the  effect  of  ionic  strength  upon  the  enzyme  rate  may  be  complex 
if  one  step  is  not  limiting  the  rate.  The  dissociation  of  an  EI  complex  is 
probably  straightforward  on  the  other  hand.  There  is  also  some  justifiable 
doubt  as  to  the  validity  of  using  the  ordinary  Debye-Hiickel  equations  for 
expressing  the  activity  coefficients  applicable  to  the  equilibrium  between 
any  complex  AB  and  its  activated  counterpart  X,  especially  in  enzyme 
reactions  in  which  the  activation  process  may  well  occur  in  a  region  shielded 
from  the  medium. 

If  the  interaction  is  not  between  two  ionic  groups  but  between  an  ionic 
group  and  a  neutral  group,  Eq.  15-84  would  predict  that  no  ionic  strength 
effects  would  be  observed,  as  pointed  out  by  Laidler  (1950,  p.  131).  In 
this  case  the  additional  term,  K^^s,  is  important  and: 

log  y  =  K,,s  (15-92) 


826  15.    EFFECTS   OF   VAKIOUS   FACTORS    ON   INHIBITION 

Substituting  such  values  in  Eq.  15-83  gives: 

log  k  =  log  ho  +  {K,o^  +  K,o,  -  K.ojs  (15-93) 

Log  k  should  vary  with  the  first  power  of  the  ionic  strength  instead  of  with 
the  square  root  and  the  effect  of  ionic  strength  changes  should  be  much 
smaller  than  in  ion-ion  interactions.  Actually,  K^^s  is  usually  around  5-10% 
of  the  total  value  of  log  k  in  Eq.  15-85.  If  the  {K.^  -f  K,„^  —  K,gjs  term 
is  small  compared  to  unity,  it  is  possible  to  write  as  an  approximation: 

k  =  k,{l  +  2.303Kso's)  (15-94) 

where  K'  g^  =  Kgg^  -f-  K^^^  —  K,.g^,  and  k  should  be  proportional  to  the  ionic 
strength.  These  relationships  have  been  found  to  describe  the  variations  of 
the  rate  constants  of  certain  organic  reactions,  such  as  the  attack  by  hy- 
droxyl  ions  on  acetals.  These  types  of  interactions  are  probably  of  fairly 
frequent  occurrence  in  enzyme  catalysis  and  inhibition,  and  this  is  another 
reason  for  using  the  more  complete  Debye-Hiickel  equation. 

When  K,,i  is  not  the  substrate  dissociation  constant  but  the  kinetic  con- 
stant, k2lk-i,  the  dependence  on  the  ionic  strength  is  quite  different  from 
that  of  Kf..  We  may  write  for  the  individual  rate  constants: 

k2  =  k2  (ES)  ^^  (15-95) 

h  =  A-:  (E)(S)   -^^^  (15-96) 

where  the  activated  complexes  may  be  identified  in  the  following  sequence: 
E  +  S  ^  Xi  ^  ES  ^  X2  -»  E  +  P  (15-97) 

The  Michaelis  constant  is  thus  given  by: 

ki^     (E)(S)     yeysV^^        Kso      y^i        ^-lo     y^i 

Such  a  Michaelis  constant  will  vary  with  the  ionic  strength  in  a  manner  de- 
pending on  the  activity  coefficients  of  the  two  activated  complexes.  These 
two  complexes  can  certainly  have  different  charges  but  the  direction  of 
the  ionic  strength  effect  is  more  difficult  to  predict  than  in  the  case  of  the 
dissociation  constant. 

Effects  of  Changes  in  the  Ionic  Strength  on  Enzyme  Reactions 

A  number  of  enzyme  kinetic  studies  in  which  the  effects  of  increasing 
the  salt  concentration  appear  to  be  due  mainly  to  changes  in  the  ionic 
strength  will  be  briefly  discussed,  particularly  from  the  standpoint  of  the 
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modifications  in  the  kinetic  constants  because  these  results  have  bearing 
on  inhibition  studies.  It  should  be  pointed  out,  however,  that  only  in  rare 
instances  are  the  salt  effects  solely  due  to  variations  in  the  ionic  strength 
and  the  examples  discussed  here  are  mostly  of  a  mixed  nature  with  respect 
to  mechanism. 

The  activity  of  acetylcholinesterase  was  show^n  by  Mendel  and  Rudney 
(1945)  to  be  decreased  by  increasing  concentrations  of  KCl  or  NaCl  at 
relatively  low  concentrations  of  the  substrate  (Fig.  15-18).  At  higher  sub- 


150 


leOmM 


80mM 


Fig.  15-18.  Effects  of  different  concentration  of  KCl  on 
the  substrate  inhibition  of  mouse  brain  acetylcholines- 
terase. The  figures  on  the  curves  represent  the  KCl  con- 
centrations in  addition  to  the  25  mM  NaHCOg.  (From 
Mendel   and  Rudney,   1945.) 


strate  concentrations  the  effects  are  complicated  by  the  substrate  inhibition 
and  this  will  be  discussed  in  a  later  section.  A  thorough  analysis  of  human 
erythrocyte  acetylcholinesterase  was  later  made  by  Myers  (1952  c),  who 
determined  the  various  pertinent  constants  as  the  NaCl  concentration  was 
increased  to  500  mM  (Table  15-5).  With  increase  in  NaCl  there  is  a  marked 
rise  in  the  first  substrate  constant  indicating  a  decreased  afiinity  of  the 
enzyme  for  acetylcholine,  which  would  be  expected  on  the  basis  of  the 
binding  of  a  positively  charged  acetylcholine  to  an  anionic  group  on  the 
enzyme.  It  is  this  effect  that  reduces  the  rate.  However,  the  rate  does 
not  decrease  as  much  as  would  be  expected  because  there  is  another  effect 
to  increase  F„;  and  presumably  k^.  This  might  indicate  that  the  charge  on 
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Table  15-5 
Effects  of  NaCl  on  Erythrocyte  Acetylcholinesterase 


NaCl 
(mM) 

(mM) 

Ks 

(mM) 

KsJK,^ 

(So) 
(mif) 

'opt 

Vm 

0 

0.055 

11.0 

200 

0.78 

140 

157 

20 

0.11 

12.1 

110 

1.15 

146 

169 

50 

0.19 

13.5 

70 

1.60 

156 

190 

100 

0.26 

15.5 

60 

2.05 

168 

208 

200 

0.37 

18.0 

50 

2.70 

175 

221 

500 

0.55 

22.0 

40 

3.65 

171 

221 

"  From  Myers    (1952  c). 

the  activated  complex  for  the  breakdown  of  the  ES  complex  is  greater  than 
on  the  ES  complex  (see  Eq.  15-90). 

Urease  is  very  sensitive  to  changes  in  the  ionic  strength.  Kistiakowsky 
and  Shaw  (1953  b)  worked  with  media  containing  no  buffer  and  hence 
were  able  to  determine  the  effects  of  changes  in  the  ionic  strength  in  the 
most  sensitive  range.  These  data  fit  the  corrected  Debye-Hiickel  equation 


Ionic  Strength 

Rate 

0.0003 

0.425 

0.0098 

0.295 

0.0240 

0.244 

0.0478 

0.202 

0.119 

0.160 

0.238 

0.114 

and  the  rate  is  inversely  proportional  to  the  square  root  of  the  ionic  strengtli. 
It  makes  very  little  difference  what  salt  is  used;  NaCl,  NaS04,  KNOg, 
and  KBr  all  gave  the  same  rate  depression  at  comparable  ionic  strengths. 
A  dependence  of  the  ionic  strength  effect  on  tlie  pH  was  also  demonstrated, 
the  depression  of  the  rate  by  salts  being  greater  at  a  pH  of  8.95  than  at 
7-7.5.  This  is  not  surprising  because  the  charges  on  the  various  components 
and  complexes  in  the  enzyme  reaction  may  be  altered  by  the  change  in 
pH.  It  was  concluded  that  the  effect  of  the  ionic  strength  was  mainly  on 
Jc^  since  it  was  independent  of  the  substrate  concentration. 

The  addition  of  either  NaCl  or  KCl  to  cc-chymotrypsin  leads  to  an  in- 
crease in  the  rate  of  hydrolysis  of  chloroacetyl-L-tyrosinamide  and  the 
effect  is  primarily  on  k.^  with  little  if  any  change  in  K^.  The  results  can  be 
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represented  by  the  equation:  log  (A'o/A'.,  )  =  0.30  s.  Thus  the  dependence 
on  the  ionic  strength  is  as  expected  but  the  numerical  coefficient  is  less 
than  0.509,  indicating  iiossibly  an  electrostatic  effect  from  an  adjacent 
group  (Shine  and  Niemann,  1955).  One  the  other  hand,  later  work  (Martin 
and  Niemann,  1958)  on  the  effects  of  NaCl,  MgCl2,and  CaCU  on  the  hydro- 
lysis of  different  acylated  a-amino  acid  esters  by  a-chymotrypsin  pointed 
to  a  decrease  in  K,  with  increasing  ionic  strength,  a  slight  rise  in  k2,  and, 
of  course,  an  increase  in  the  rate.  These  results  could  not  be  interpreted 
easily  by  the  usual  theories.  The  proteinase  C  of  rat  skin  with  casein  as  the 
substrate  gave  bell-shaiDed  rate  curves  when  the  ionic  strength  was  in- 
creased by  seven  different  salts  (Martin  and  Axelrod,  1958).  The  results 
with  KC]  are  shown  in  Fig.  15-19.  It  may  be  noted  that  the  optimal  ionic 


Fig.  15-19.  Variation  of  skin  proteinase  C  activity,  using  casein  as 

the  substrate,  with  the  ionic  stength  (altered  by   varying   the   KCl 

concentration)  at  pH  7.5.  The  activity  is  plotted  on  a  relative  scale. 

(From  Martin  and  Axelrod,   1958.) 


strength  differed  somewhat  for  the  different  salts.  Neither  A',  nor  K,,^  in 
the  case  of  papain  was  altered  by  changes  in  the  ionic  stength  from  0.05 
to  0.3  (Stockell  and  Smith,  1957),  which  is  surprising  in  view  of  the  ionic 
interactions  assumed  in  the  mechanism  of  the  catalysis  (Kimmel  and  Smith, 


830 


15.    EFFECTS    OF   VARIOUS   FACTORS    ON   INHIBITION 


1957).  The  rate  of  the  hydrolysis  of  carbobenzoxyglycyl-L-tryptophan  by 
pancreatic  carboxypeptidase  increases  rapidly  with  ionic  strength  (Lumry 
et  al.,  1951)  up  to  around  0.25  and  then  levels  off.  The  salt  added  makes 
little  difference  so  that  the  effect  is  presumably  one  of  ionic  strength.  It 
was  claimed  that  the  magnitude  of  the  rate  increase  is  greater  than  expected 
from  the  simple  Debye-Hiickel  theory  but  unfortunately  no  data  are  given. 
Since  the  substrate  is  negatively  charged  at  the  experimental  pH,  the  in- 
creased rate  with  higher  ionic  strengths  would  indicate  that  a  negative 
group,  or  groups,  occurs  on  the  enzyme,  a  decreased  K,,,  resulting  from  a 
rise  in  k^,  since  K^,,  =  A'2/^'i-  The  following  explanation  for  the  large  effects 
was  suggested:  a  number  of  negatively  charged  groups  on  the  enzyme  are 
involved  and  although  individually  giving  small  effects,  their  total  effect 
may  be  quite  large.  A  reduction  in  K,^,  from  20  niM  to  14  mM  was  found 
for  carboxypeptidase  by  Yanari  and  Mitz  (1957)  when  the  ionic  strength 
was  increased  from  0.2  to  0.5,  the  substrate  being  carbobenzoxyglycyl-L- 
phenylalanine.   This   is  not  an   unreasonably  large   effect. 

It  might  be  expected  that  ionic  strength  effects  on  ribonucleases  and 
deoxyribonucleases  would  be  very  marked  because  of  the  polyionic  nature 
of  both  substrates  and  enzymes.  The  activity  of  pancreatic  ribonuclease  has 
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Fig.  15-20.  Eflfects  of  Na+  concentration  on  the  activity  of  spleen  deoxjrribonu- 
clease  at  different  pH  values.  (From  Shack,   1959.) 


SALT  CONCENTRATION  AND  IONIC  STRENGTH 


831 


indeed  been  found  to  increase  rapidly  as  the  ionic  strength  is  raised  to 
around  0.2-0.3  and  there  is  little  further  change  beyond  this  (Dickman  and 
Ring,  1958).  This  effect  may  be  through  changes  in  both  the  substrate  and 
the  enzyme.  At  least,  it  was  found  that  increase  of  the  ionic  strength  al- 
tered the  substrate  UNA  in  that  the  absorptivity  at  300  m//.  was  markedly 
decreased.  This  may  be  due  to  an  increased  dissociation  of  certain  acidic 
groups  and  this  would  perhaps  increase  the  interaction  with  the  enzyme. 
The  effects  of  NaCl  on  spleen  deoxyribonuclease  are  very  complex  and 
vary  with  the  pH  (Fig.  15-20)  (Shack,  1959).  In  all  cases  there  are  optimal 
ionic  strengths  but  a  decrease  in  the  pH  leads  to  shifts  in  these  optima  to 
higher  concentrations.  These  interrelationships  undoubtedly  are  due  to  the 
effects  of  the  ionic  strength  on  dissociable  acidic  and  basic  groups  on  both 
enzyme  and  substrate.  However,  the  shapes  of  the  curves  and  particularly 
the  slopes  point  to  effects  other  than  mediated  through  the  ionic  strength. 
The  polynucleotide  phosphorylase  of  Micrococcus  lysodeikticus  loses  most 
of  its  activity  upon  dialysis  and  the  addition  of  KCl  restores  the  activity 
(Beers,  1957).  The  rate  increases  very  rapidly  up  to  0.1  ionic  strength, 
reaches  a  maximum  around  0.2  and  then  falls  off  at  higher  salt  concentration 
(Fig.  15-21).  The  effect  is  mainly  on  K,,,  rather  than  A'.,  and  it  was  concluded 


Fig.  15-21.  Effects  of  KCl  concentration  on  the  activity  of 
polynucleotide  phosphorylase.  The  rate  is  given  in  terms  of  in- 
organic  phosphate  released  ( X    10"*  M).  (From   Beers,  1957.) 
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that  the  principal  effect  was  on  the  binding  of  the  substrate  to  the  enzyme. 


Ionic  Strength 

Vm 

K,n 

0.02 

1.55 

1.26 

0.04 

1.39 

0.71 

0.1 

1.46 

0.563 

0.2 

1.38 

0.324 

0.6 

1.85 

1.33 

The  salt  concentration  also  affects  the  activation  of  the  enzyme  by  Mg++ 
and  it  is  possible  that  this  ion  is  involved  in  the  binding  of  the  substrate. 
The  activity  of  cytochrome  oxidase  from  spinach  and  soybean  also  shows 
a  maximum  as  the  concentration  of  NaCl  is  varied  (Fig.  15-22)  (Miller  and 
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Fig.    15-22.    Effects   of   bicarbonate   (dashed   curves)   and    NaCl   (solid 

curves)  on  cytochrome  oxidase  from  spinach  (A  and  C)  and  soybean  (B 

and  D).  (From  Miller  and  Evans,  1956.) 


Evans,  1956).  Sodium  bicarbonate  inhibits  this  enzyme  and  part  of  this 
effect  is  due  to  the  Na+,  the  true  inhibition  produced  by  the  bicarbonate 
being  the  difference  between  the  curves.  This  is  a  good  illustration  of  the 
need  for  correction  when  the  ordinary  physiological  ions  have  effects  on  the 
enzyme. 

Summarizing  the  effects  observed  on  various  enzymes,  it  is  evident  that 
increasing  ionic  strength  can  either  decrease,  increase,  or  fail  to  affect 
the  rate,  and  that  in  many  cases  a  biphasic  action  is  evident,  i.e.,  an  increase 
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in  the  rate  in  the  low  ionic  strength  range  and  a  decrease  at  higher  salt 
concentrations.  The  possible  mechanisms  responsible  for  a  positive  effect 
of  salts  on  enzyme  rates  will  be  outlined  and  then  we  shall  consider  various 
explanations  for  the  biphasic  phenomenon.  An  increase  in  rate  may  be 
due  to  the  following  changes. 

(a)  Increase  of  A'a-  This  implies  changes  in  charge  during  the  dissociation 
of  the  ES  complex. 

(6)  Decrease  of  K„^.  If  K,^^  =  Kg,  there  is  an  increased  affinity  of  the  en- 
zyme for  the  substrate  and  this  indicates  either  the  reduction  of  an  electro- 
static repulsion  or  a  large  salting-out  term  due  to  non])olar  forces.  If 
^m  —  ^ii^v  ^  difference  in  the  charge  on  the  different  activated  complexes 
is  suggested,  or  an  increase  in  Ji-^  relative  to  ko. 

(c)  Increase  in  the  concentration  of  active  enzyme.  This  could  be  brought 
about  in  a  variety  of  ways:  shifts  in  acid-base  equilibria,  depoljTnerization 
of  the  enzyme,  or  altered  binding  of  an  ionic  cofactor. 

(d)  Increase  in  the  concentration  of  active  substrate.  In  most  cases  this 
would  be  restricted  to  changes  in  acid-base  equilibria. 

Both  of  the  first  two  mechanisms  have  been  demonstrated.  Other  possi- 
bilities may  be  visualized  for  more  complex  enzyme  systems. 

The  "bell-shaped"  curves  recorded  for  skin  proteinase  C,  deoxyribo- 
nuclease,  polynucleotide  phosphorylase,  cytochrome  oxidase,  and  acet^d- 
cholinesterase  can  all  hardly  be  explained  on  the  basis  of  ionic  strength  alone. 
Activity  coefficients  begin  to  rise  at  higher  salt  concentrations  but  this 
is  usually  above  an  ionic  strength  of  1.0.  On  the  other  hand,  the  maxima  in 
the  curves  occur  at  ionic  strengths  much  lower  than  this  in  most  cases.  A 
dual  effect  on  Kj,^  and  A'g,  the  change  in  one  increasing  and  a  change  in  the 
other  decreasing  the  rate,  is  not  feasible  because  marked  effect  of  ionic 
strength  should  occur  with  both  at  low  salt  concentrations.  Indeed,  the  up- 
per limbs  of  the  curves  are  usually  in  ranges  of  the  ionic  strength  where 
little  effect  would  be  expected.  It  is  more  likely  that  the  reduction  in  the 
rate  is  due  to  an  inhibition  by  the  ions  superimposed  on  the  ionic  strength 
effect.  The  ions  would  be  rather  weak  inhibitors  and  their  actions  would 
be  manifest  only  at  higher  concentrations.  Assuming  the  simple  Debye- 
Hiickel  formulation  for  the  effect  of  ionic  strength  on  A-,  and  a  competitive 
inhibition  by  the  added  ions  (or  usually  one  of  the  ions),  we  may  -^Tite: 

^"^         ^^'  (15-99) 


(S)  +  K, 


s 


for  a  uni-univalent  salt.  The  complete  activity  coefficient  expression  can 
be  used  and  would  be  preferable,  but  complicates  the  following  treatment 
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and  for  the  present  piiri^ose  of  illustration  is  unnecessary.  Differentiating 
v^  with  respect  to  the  ionic  strength  and  setting  the  derivative  dvjds  =  0, 
the  ionic  strength  that  is  optimal  can  be  calculated  from  the  quadratic 
equation: 

(S) 


*'o3)<  —  1.17  V  Sopt  -j-  Kj 


'  +  K. 


=  0  (15-100) 


and  the  value  of  the  inhibitor  constant  for  the  ion  can  be  determined  from: 
K,  =  (1.17  V  So,t  -  Sor>t)    ,^,     "^^  (15-101) 

(b)    +   Krn 

For  a  noncompetitive  type  of  salt  inhibition  the  corresponding  equations 
would  be: 

Sopt  -  1.17  V"^  +K,=0  (15-102) 

K,  =  1.17  V7^  -  Sopt  (15-103) 

If  Kj,i  also  varies  with  the  ionic  strength,  another  term  must  be  introduced 
into  Eq.  15-99;  or  the  ionic  strength  effect  may  be  on  K^„  only.  For  optimal 
ionic  strengths  around  0.2,  values  of  K^  in  the  range  200-300  niM  would 
be  expected.  The  use  of  the  complete  Debye-Hiickel  expression  would 
lower  Sgpf  somewhat. 

Specific  Ion   Effects  on   Enzyme  Reactions 

Because  of  the  importance  of  recognizing  and  characterizing  specific 
ion  effects  in  studies  of  the  ionic  strength,  it  may  be  worthwhile  to  cite 
a  few  examples  of  such  effects  so  that  the  various  types  of  behavior  may  be 
appreciated.  Phosphoglucomutase  is  inhibited  by  several  common  anions, 
which  appear  to  compete  with  ribose-1 -phosphate  for  the  enzyme  site 
(Klenow,  1955).  The  inhibitor  constants,  K,,  were  found  to  be:  chloride, 
3.6  mM;  sulfate,  0.35  niM;  and  phosphate,  1.2  niM.  These  values  show 
rather  tight  binding  of  a  magnitude  comparable  to  that  of  the  substrate, 
for  which  K,,^  =  0.17  mM.  Glutathione  reductase  is  inhibited  by  NaCl 
and  KCl;  20  mM  NaCl,  for  example,  depresses  the  rate  around  67%  in 
the  complete  assay  system  (Racker,  1955).  It  is  likely  that  it  is  the  Cl~ 
ion  that  is  the  active  inhibitor.  Activation  of  many  enzymes  with  cations 
has  been  observed  but  activation  by  anions  is  uncommon.  The  best  known 
instance  is  the  activation  of  cc-amylase  by  Cl~  (Cole,  1904;  Myrback,  1926). 
A  more  recent  example  is  the  strong  activation  of  liver  arylsulfatase  by 
Cl~  and  some  other  univalent  anions  when  ;>-nitrophenyl  sulfate  is  the  sub- 
strate (Webb  and  Morrow,  1959).  However,  when  2-hydroxy-5-nitrophenyl 
sulfate  is  the  substrate,  Cl~  is  inhibitory.  It  was  shown  that  the  Cl~  has  no 
effect  on  the  affinity  of  the  enzyme  for  either  substrate.  Other  anions  — 
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phosphate,  sulfate,  and  fluoride  —  inhibit  with  both  substrates  and  a  com- 
petitive mechanism  is  likely.  Some  anions  thus  interfere  with  the  binding 
of  the  substrate  and  some  with  the  breakdown  of  the  ES  complex.  A  potent 
activation  of  fly  muscle  dehydrogenases  by  K+  at  1  mM  has  been  noted 
(Chefurka,  1957).  Both  glucose-6-phosphate  and  6-phosphogluconic  dehy- 
drogenases are  activated  severalfold  by  concentrations  of  K+  which  pre- 
clude any  major  ionic  strength  effect.  A  different  sort  of  effect  is  seen  in  the 
more  complex  yeast  hexokinase  system  where  increases  in  Na+  concentra- 
tion at  constant  ionic  strength  stimulate  the  rate  (Melchior  and  Melchior, 
1958).  Here  the  active  enzyme  complex  is  E-Mg-ATP-glucose  and  a  Mg- 
ATP  complex  may  be  formed  independently;  Mg++  and  ATP  can  also  com- 
plex separately  with  the  enzyme.  Many  ionic  interactions  are  thus  involved. 
The  effect  of  Na+  is  believed  to  be  due  to  interactions  of  the  ions  with  ATP 
and  the  E-ATP  complex,  and  this  effect  is  in  addition  to  ionic  strength  ef- 
fects which  are  interpretable  in  terms  of  changes  in  the  activity  coefiicients. 

In  studies  on  salt  effects,  it  is  often  informative  to  test  several  salts 
of  different  types.  This  is  illustrated  by  the  work  of  Repaske  (1954)  on 
the  succinic  dehydrogenase  of  Azotobacter.  It  was  found  that  100  mM 
NaCl  and  KCl  inhibited  the  enzyme  about  33%.  From  these  data  alone 
one  might  conclude  that  either  it  was  the  CI"  ion  that  was  inhibitory  or 
that  the  increase  in  the  ionic  strength  reduced  the  affinity  of  the  enzyme 
for  succinate.  However,  K2SO4  was  also  used  and  at  50  mM  did  not  affect 
the  enzyme;  thus  the  ionic  strength  effect  could  be  eliminated.  It  is,  by 
the  way,  rather  remarkable  that  no  ionic  strength  effect  was  observed  in 
a  system  where  a  negatively  charged  substrate  interacts  with  positively 
charged  enzyme  groups.  The  most  likely  explanation  is  that  the  hydrogen 
transfer  to  2,6-dichlorophenol-indophenol  was  accelerated  by  the  salts 
and  that  this  compensated  for  the  reduction  in  the  binding  of  the  succinate 
to  the  dehydrogenase. 

It  may  be  concluded  that  the  common  i:»hysiological  ions  can  interact 
quite  specifically  with  the  enzyme,  substrate,  or  cofactors,  and  that  either 
binding  may  be  altered  or  the  rate  of  breakdown  of  the  active  enzyme  com- 
plexes may  be  modified.  Activation  or  inhibition  may  result  and  these  ef- 
fects should  always  be  considered  in  inhibition  studies,  especially  when  these 
ions  are  added  with  the  inhibitor  (as  the  addition  of  the  sodium  or  potas- 
sium salts  of  malonate). 

Effects  of  Changes  in  the  Ionic  Strength  on  Enzyme  Inhibitions 

Very  few  accurate  studies  on  inhibition  with  respect  to  salt  concentra- 
tion have  been  reported,  but  in  these  few  the  results  are  usually  interesting 
and  interpretable.  Cholinesterase  presents  an  ideal  situation  for  such  work 
because  the  structure  and  charge  distribution  of  the  active  center  are  to 
some  extent  understood.  One  of  the  most  thorough  investigations  of  ionic 
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strength  effects  was  made  by  Myers  (1950)  using  cholinesterase  from  human 
erythrocytes  and  serum.  The  inhibitions  by  physostigmine  and  neostigmine 
on  both  enzymes  are  reduced  by  adding  NaCl  to  the  usual  bicarbonate  me- 
dia. On  the  average,  the  pljo  is  decreased  by  around  0.5-0.6  when  the  ionic 
strength  is  increased  by  approximately  0.16.  A  concentration  of  5x  10"^  M 
inhibits  the  erythrocyte  enzyme  61%  in  the  bicarbonate  medium  and  28% 
when  0.125  M  NaCl  is  added.  KCl  produces  the  same  effect  and  CaClg 
is  more  effective.  The  accompanying  tabulation  shows  the  effects  of  various 


NaCl 
(mM) 

Piso 

KCl 

(mM) 

pIso 

CaCla 
(mM) 

pIso 

0 

8.50 

0 

8.50 

0 

8.50 

45 

8.17 

125 

7.94 

1 

8.24 

125 

7.94 

4 

8.01 

475 

7.72 

15 

7.78 

salts  on  the  physostigmine  inhibition  of  erythrocyte  cholinesterase.  An 
increase  in  the  ionic  strength  thus  reduces  the  affinity  of  the  enzymes 
for  the  inhibitors,  just  as  it  reduces  the  affinity  for  acetylcholine,  and 
this  is  reasonable  on  the  basis  of  a  positively  charged  inhibitor  interacting 
with  a  negatively  charged  group  on  the  active  site.  The  inhibition  pro- 
duced by  cliisopropylfluorophosphate,  on  the  other  hand,  is  unaffected 
by  the  ionic  strength. 

Proteolytic  enzymes  have  been  studied  rather  extensively.  Phenyl- 
acetate  and  3-indolepropionate  are  competitive  inhibitors  of  chymotrypsin 
and  they  are  more  effective  when  the  ionic  strength  is  increased  (Bernhard 
and  Niemann,  1957).  The  K^  for  the  latter  inhibitor  is  7.6  mM  in  the  ab- 
sence of  phosphate  and  is  not  changed  as  the  phosphate  concentration  is 
increased  to  10  mM ,  but  then  begins  to  decrease  until  it  is  2.5  at  a  phosphate 
concentration  of  400  mM  {s  =  1.09).  These  inhibitors  are  negatively 
charged  and  it  is  postulated  that  a  negative  group  is  situated  near  the  active 
center.  An  increase  in  the  ionic  strength  would  reduce  the  repulsion  and 
increase  the  affinity  of  the  enzyme  for  the  inhibitors.  There  is  evidence 
that  there  is  also  a  specific  ion  effect  of  phosphate.  Certain  polyanions  such 
as  poly-a-L-glutamate,  polycysteate,  and  heparin,  inhibit  trypsin  and  it 
appears  that  this  is  due  to  a  complex  formed  with  the  enzyme  (Kornguth 
and  Stahmann,  1960).  It  is  postulated  that  they  combine  with  positively 
charged  groups  on  either  side  of  the  active  site,  forming  a  bridge  over  the 
site  to  block  off  the  substrate.  The  inhibition  is  markedly  decreased  by  an 
increase  in  the  ionic  strength  (Table  15-6)  and  this  supports  the  electro- 
static nature  of  the  binding.  It  may  be  noted  that  the  smaller  inhibitions 
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at  high  polyghitamate  concentration  are  perhaps  due  to  different  molecules 
binding  to  the  cationic  groups  so  that  bridges  are  not  formed  and  the  sub- 
strate can  reach  the  active  site.  Several  proteins  (serum  albumin,  /?-lacto- 
globulin,  hemoglobin,  and  ovalbumin)  at  low  concentrations  can  inhibit 
chymotrypsin  (Hofstee,  1960  b).  In  the  absence  of  salt,  0.01%  serum  albumin 
inhibits  around  80%,  giving  a  K^  of  approximately  10~'  M.  The  addition 

Table  15-6 
Effects  of  Ionic  Strength  on  the  Inhibition  of  Trypsin  by  Poly-L-glutamate  " 


Poly-L-glutamate 

%  Inhibition 

imM) 

s  =  0.005 

s  =  0.13 

s  =  0.27 

0.09 

60 

22 

0 

0.17 

96 

22 

0 

0.35 

87 

22 

0 

1.35 

74 

65 

24 

2.70 

0 

28 

0 

"  The  concentration  of  poly-L-glutamate  is  given  in  terms  of  glutamate  residues. 
From    Kornguth   and   Stahmann   (1960). 


of  KCl  at  100  milf  completely  prevents  this  inhibition  indicating  a  fun- 
damental electrostatic  mechanism  for  the  binding.  Furthermore,  the  inhi- 
bitions progress  slowly  and  may  be  completely  reversed  by  KCl  if  they  have 
not  been  allowed  to  proceed  too  far.  In  other  words,  there  is  an  initial 
salt-sensitive  inhibition,  followed  by  an  irreversible  inhibition.  Similar 
protection  is  given  by  NaCl  and  more  effective  protection  by  MgCL,  SrClg, 
CaClg,  and  MgS04.  The  inhibitions  by  carboxymethylcellulose  and  nucleic 
acids  are  also  reversed  by  increasing  salt  concentrations.  Pancreatic  car- 
boxypeptidase  is  inhibited  by  several  dipeptides  (Yanari  and  Mitz,  1957). 
The  iC;  for  D-leucyl-L-tyrosine  is  4  niM  at  an  ionic  strength  of  0.2  and  falls 
to  2  mM  at  an  ionic  strength  of  0.5.  Since  this  is  a  competitive  inhibitor  and 
K„,  is  also  decreased  by  increasing  ionic  strength,  the  inhibition  does  not 
rise  as  much  as  would  be  expected  from  the  greater  affinity  of  the  enzyme 
for  the  inhibitor. 

One  example  of  an  interesting  specific  ion  effect  on  enzyme  inhibition 
may  be  cited.  Serum  cholinesterase  is  activated  by  Ca++  and  this  effect  is 
probably  explained  by  a  facilitation  on  the  binding  of  the  enzyme  and  the 
substrate.  Several  phenothiazines  inhibit  the  enzyme  and  counteract  the 
activating  effect  of  Ca++  (Hofstee,  1960  a).  It  is  likely  that  the  phenothia- 
zines and  Ca++  bind  to  the  same  enzyme  site.  In  the  absence  of  Ca++, 
phenothiazines  are  completely  noncompetitive,  but  in  the  presence  of  Ca++, 
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they  tend  to  displace  the  Ca++  from  the  enzyme  and  the  inhibition  is  semi- 
competitive.  An  anionic  group  adjacent  to  the  active  site  is  suggested: 
this  interferes  in  some  manner  with  the  interaction  of  the  enzyme  and  the 
substrate,  so  that  combination  of  the  group  with  Ca++  favors  the  formation 
of  the  ES  complex.  The  phenothiazines  prevent  the  binding  and  effect  of 
Ca++.  This  is  actually  a  case  of  an  inhibitor  that  is  competitive  with  an 
activator  that  happens  to  be  a  common  physiological  ion.  Instances  in  which 
ions  complex  with  the  inhibitor  and  thus  reduce  the  inhibition  are  fairly 
common;  the  binding  of  Ca++  and  Mg++  to  malonate  is  a  typical  example. 
Substrate  inhibition  can  also  be  modified  by  changes  in  the  ionic  strength. 
This  was  observed  by  Mendel  and  Rudney  (1945)  in  their  work  on  mouse 
brain  acetylcholinesterase  (Fig.  15-18).  The  substrate  concentration  for 
the  maximal  rate,  (Sq),  is  shifted  upward  by  KCl;  160  mM  KCl  increases 
(So)  from  0.25  mM  to  3  mM.  Myers  (1952  c)  found  the  same  behavior  with 
erythrocyte  cholinesterase  and  showed  that  the  binding  of  the  second 
substrate  molecule  is  weakened  at  higher  ionic  strengths  (Table  15-5). 
The  effect  of  KCl  on  the  rate  thus  depends  on  the  substrate  concentra- 
tion, a  depression  of  the  rate  occurring  at  low  substrate  concentrations, 
and  an  activation  at  high  substrate  concentrations.  This  situation  has  been 
discussed  in  Chapter  4  with  respect  to  the  mechanism  of  substrate  inhibition. 
The  svibstrate  inhibition  of  yeast  enolase  by  2-phosphoglycerate  in  the  ab- 
sence of  added  salts  has  been  shown  to  be  due  to  an  ionic  strength  effect, 
the  inhibition  disappearing  when  the  medium  contains  500  mM  KCl. 
This  is  a  good  illustration  of  the  danger  in  interpreting  inhibitions  in  media 
of  low  salt  content  where  the  addition  of  the  inhibitor  can  alter  the  ionic 
strength  and  the  activity  coefficients  strongly. 

Effects  of  Salts  on   Metabolic  Systems 

It  is  at  present  impossible  to  interpret  ionic  strength  effects  in  com- 
plex metabolic  systems  and  the  likelihood  of  specific  ion  effects  is  increased 
with  the  number  of  enzymes  involved.  However,  it  is  well  known  that  sev- 
eral types  of  metabolism  are  quite  sensitive  to  changes  in  the  salt  con- 
centration and  one  would  expect  that  such  changes  would  alter  the  respon- 
ses to  certain  inhibitors,  although  no  experimental  results  are  available. 
The  marked  effects  often  seen  with  the  common  i^hysiological  ions  are 
well  illustrated  in  the  excellent  work  of  Utter  (1950)  on  the  anaerobic  gly- 
colysis in  brain  homogenates.  Na+  is  inhibitory  and  K+  first  stimulates  and 
then  depresses  at  higher  concentrations.  The  Na+  inhibition  is  already  al- 
most 50%  at  35  mM.  The  mechanisms  responsible  for  the  inhibition  are 
several  in  number.  (1)  A  stimulation  of  ATP  Isreakdown  leading  to  a  fall 
in  the  ATP  level  and  a  depression  of  phosphorylations.  (2)  An  increase  in 
the  level  of  AMP  which  is  inhibitory  to  glycolysis.  (3)  A  decreased  rate  of 
phosphorylation  of  AMP  and  ADP  by  inhibition  of  phosphopyruvate  trans- 
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phosphor ylase,  this  enzyme  being  inhibited  41-78%  by  70  vaM  Na+.  K+ 
stimulates  this  transphosphorylase  and  part  of  the  activation  could  result 
from  this.  The  actions  of  inhibitors  on  this  system  would  certainly  be  al- 
tered by  the  concentrations  of  these  ions.  Such  results  indicate  how  impor- 
tant it  is  to  perform  inhibition  experiments  in  as  physiologically  normal 
media  as  possible  if  conclusions  as  to  the  effects  in  living  cells  are  to  be 
drawn.  Effects  other  than  directly  on  the  enzyme  systems  may  also  be 
important.  The  stimulation  of  anaerobic  glycolysis  in  slices  of  guinea  pig 
brain  by  Ca++  was  found  to  be  due  to  actions  on  the  cell  membrane  (Adams 
and  Quastel,  1956).  Mitochondria  are  also  sensitive  to  salts.  The  oxidations 
of  acetate  and  the  tricarboxylic  acid  cycle  intermediates  are  stabilized  by 
K+  but  not  by  Na+  in  heart  mitochondria;  indeed,  Na+  is  usually  inhibitory 
(Korff  et  al.,  1954).  The  soluble  acetate-activating  enzyme  is  stimulated 
by  K+  but  it  is  not  known  if  this  is  involved  in  the  stabilization.  It  may 
well  be  that  the  effects  of  these  ions  are  on  the  structure  of  the  mitochon- 
dria and  it  is  important  in  all  work  with  particulate  fractions  to  bear  in 
mind  the  possibility  of  such  structural  changes. 

EFFECTS   OF  BUFFERS 

Most  enzyme  and  metabolic  reactions  are  studied  in  media  containing 
buffers  of  various  types.  Buffer  ions  may  specifically  stimulate  or  depress 
enzymes;  may  interfere  or  react  with  substrates,  inhibitors,  or  cofactors;  or 
may  exert  ionic  strength  effects.  The  effects  of  buffers  have  been  mentioned 
several  times  in  various  connections  and  the  quantitative  formulation  by 
Alberty  was  presented  in  Chapter  14.  Nevertheless,  the  ubiquity  and  impor- 
tance of  this  problem  warrants  further  discussion  and  illustration.  It  is 
well  to  emphasize  that  the  buffer  concentration  should  be  as  low  as  possible, 
commensurate  with  maintenance  of  a  satisfactory  pH,  and  that  the  media 
should  be  made  more  physiological  and  the  ionic  strength  normalized  by 
the  addition  of  KCl  or  other  inorganic  or  organic  ions.  It  might  also  be  well, 
wherever  possible,  first  to  determine  the  activity  of  the  enzyme  in  neutral 
salt  solutions  of  the  appropriate  ionic  strength  and  then  to  determine  the 
effects  of  various  buffers,  keeping  the  ionic  strength  constant,  so  that  the 
buffer  with  the  least  effect  on  the  enzyme  may  be  chosen. 

Examples  of  inhibitions  of  enzymes  by  anions  have  been  known  for  50 
years  and  in  some  cases  these  are  the  anions  of  buffers  commonly  used.  For 
example,  phosphate  has  been  shown  to  inhibit  carboxypeptidase  (Smith 
and  Hanson,  1949;  Neurath  and  de  Maria,  1950),  fumarase  (Massey  and 
Alberty,  1954),  urease  (Kistiakowsky  et  al.,  1952),  phosphoglucomutase 
(Klenow,  1955),  carboxylase  (Stewart,  1957),  arylsulfatase  (Webb  and 
Morrow,  1959),  and  other  enzymes.  The  inhibition  of  plant  cytochrome 
oxidase  by  sodium  bicarbonate  (Fig.  15-22)  is  partly  specific  and  partly 
an  ionic  strength  effect  (Miller  and  Evans,  1956).  The  effect  of  the  bicarbo- 
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nate  is  represented  by  the  differences  between  the  NaCl  and  NaHCOg 
curves.  The  use  of  a  neutral  salt  to  correct  for  specific  buffer  effects  is  often 
a  valuable  procedure.  If  the  buffer  inhibits,  the  addition  of  another  inhibitor 
will  create  a  situation  of  two  inhibitors  acting  simultaneously,  as  described 
in  Chapter  10,  and  the  inhibition  constants  calculated  for  the  added  inhi- 
bitor will  not  be  the  true  constants  for  that  inhibitor  if  the  buffer  effect 
is  neglected. 

The  inhibitions  produced  by  phosphate,  acetate,  bicarbonate,  and  other 
buffer  anions  are  frequently  due  to  a  competition  with  a  negatively  charged 
substrate  for  a  cationic  site  on  the  enzyme.  Most  enzymes  that  act  upon 
substrates  containing  phosphate  groups  will  be  inhibited  to  varying  extents 
by  phosphate,  because  an  enzyme  cationic  group  will  usually  be  present  at 
the  active  center  for  interaction  with  the  phosphate  group  and  this  will 
be  susceptible  to  inorganic  phosphate.  In  other  cases  these  anions  may 
combine  with  a  metal  ion  incorporated  in  the  enzyme,  as  in  the  complex 
formed  between  acetate  and  the  iron  atoms  of  catalase  ( Agner  and  Theorell, 
1946). 

The  binding  of  ions  to  proteins  in  general  is  often  modified  by  buffers 
as  has  been  found  in  the  studies  on  anion  complexes  with  serum  albumin  by 
Klotz  (1953)  and  others.  These  are  mainly  competitive  reactions.  The 
magnitude  of  the  buffer  effect  depends  on  the  structure  of  the  buffer  anion. 
Often  the  greatest  interference  is  introduced  by  large  anions  and  for  this 
reason  buffers  such  as  the  barbiturates  should  be  avoided  whenever  possible. 
Specific  buffer  effects  on  proteins  can  often  be  demonstrated  by  electropho- 
resis as  well  as  by  the  indirect  experiments  on  anion  binding. 

The  buffer  may  affect  the  ionization  of  enzyme  groups  at  or  adjacent 
to  the  active  center  and  thereby  alter  the  binding  of  substrates  or  inhibi- 
tors. The  ])K,'s  for  the  ES  complexes  of  fumarase  are  generally  about  0.5 
unit  lower  in  acetate  than  in  phosphate  buffer  (Frieden  and  Alberty, 
1955)  and  for  the  enzyme-malate  complexes  vary  with  the  phosphate 
concentration  (Massey  and  Alberty,  1954).  The  pH  curves  for  both  en- 
zyme activity  and  inhibition  of  fumarase  are  shifted  by  buffer  anions 
(Massey,  1953  a).  As  the  concentration  of  phosphate  is  increased  to  5  mM, 
stimulation  of  the  rate  is  observed,  but  beyond  this  concentration  there 
is  progressive  inhibition  and  an  increase  in  K,,^  (Alberty  et  al.,  1954);  in 
a  sense,  this  might  be  considered  as  activator  inhibition  and  treated  ki- 
netically  in  the  same  way  as  substrate  inhibition. 

Particular  attention  must  be  paid  to  the  buffer  in  inhibition  studies 
involving  the  heavy  metal  ions  (e.g.,  Cu++,  Pb++,  Zn++,  Ag+,  and  Cd++) 
and  other  substances  readily  interacting  with  certain  buffers.  Not  only 
may  the  complexes  formed  reduce  the  concentration  of  free  inhibitor,  but 
the  complexes  themselves  may  possess  activity,  indeed  may  be  the  true 
inhibitors  in  some  cases.  When  two  or  more  buffers  are  used  to  compare 
the  effects  of  inhibitors  and  determine  the  specific  buffer  effects,  it  is  im- 
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portant  to  prepare  the  media  at  the  same  ionic  strengths  to  eliminate  this 
factor.  Other  factors  should  also  be  kept  constant  when  possible.  The 
substrate  concentration  may  determine  the  degree  of  buffer  action;  at 
66.7  niM,  phosphate  inhibits  urease  82%  at  a  urea  concentration  of  2.2  mM 
and  only  19%  when  the  urea  is  33.2  mM  (Kistiakowsky  et  al.,  1952). 

EFFECTS  OF  PRESSURE 

Whenever  any  process  is  accompanied  by  a  change  in  the  total  volume  of 
the  components,  pressure  wnll  exert  some  effect  on  the  rate  and  equilibrium 
of  the  process.  The  volume  changes  may  be  made  up  of  two  general  parts: 
one  derived  from  the  reactants  proper  and  the  other  from  the  solvent  wa- 
ter. The  simple  equilibrium  reaction: 

A-W„,  +  B-W„    ^    AB-Wj,  +  (m  +  w  -  p)W         (15-104) 

where  the  subscripts  indicate  the  number  of  water  molecules  associated 
with  each  species,  may  involve  a  volume  change  which  is  given  by  the  sum 
of  AV^,  the  volume  change  of  the  reactants  (F^^  —  Va  ~  ^b)'  ^-^^l  AV^, 
the  volume  change  of  the  solvent  water.  If  the  total  volume  increases,  high 
pressures  will  shift  the  equilibrium  to  the  left  because  they  will  oppose 
the  expansion;  if  the  volume  decreases,  the  equilibrium  will  be  shifted  to 
the  right  at  high  pressures.  The  equilibrium  constant  will  thus  depend  on 
the  pressure.  In  a  like  manner,  if  the  complex  AB  represents  the  activated 
state  in  the  reaction  of  A  and  B  to  form  products,  the  rate  of  the  reaction 
will  be  either  slowed  or  accelerated  depending  on  the  volume  change  during 
the  formation  of  the  activated  complex.  In  this  case,  the  rate  constant  de- 
pends on  the  pressure.  Studies  of  the  effects  of  pressure  on  the  rates  and  equi- 
libria of  reactions  may  be  of  value  in  elucidating  the  molecular  mechanisms 
and  the  changes  in  solvent  structure. 

Molecular  Basis  for  Volume  Changes  in  Enzyme  Reactions  and  Inhibition 

Let  us  first  consider  the  volume  changes  related  only  to  the  reactants. 
The  bond  lengths  in  the  activated  complex  may  be  different  from  those  in 
the  normal  molecules.  This  is  more  apt  to  occur  in  chemical  reactions  than 
in  the  simple  binding  or  association  of  two  substances,  since  in  the  former 
situation  the  transition  state  may  be  characterized  by  unique  electronic 
configuration.  Also  in  chemical  reactions,  the  final  products  will  contain 
in  most  cases  new  bonds  and  new  molecular  configurations,  so  that  the  sum 
of  the  product  volumes  will  not  necessarily  be  equal  to  the  sum  of  the  reac- 
tant  volumes.  Furthermore,  in  simple  association  reactions,  the  two  mole- 
cules may  not  fit  together  accurately  and  the  volume  will  be  increased  as 
a  result  of  the  empty  space  between  them.  In  addition,  slight  volume 
changes  may  arise  from  the  constriction  of  a  reactant  in  the  strong  electric 
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field  of  the  other  reactant.  Finally,  in  enzyme  interactions  there  is  always 
the  possibility  of  alterations  in  the  protein  structure,  since  the  active  cen- 
ters of  some  enzymes  appear  to  be  flexible  and  in  other  enzymes  a  certain 
amount  of  unfolding  or  local  denaturation  may  occur  upon  reaction  with 
the  substrates  or  inhibitors. 

With  respect  to  the  contributions  of  the  water  to  the  volume  changes, 
the  most  important  effects  are  probably  due  to  the  changes  in  the  ionic 
character  or  polarity  of  the  reactants.  A  charged  group  is  hydrated  and 
the  electric  field  causes  the  water  molecules  to  occupy  less  space  than  they 
would  if  they  were  free,  this  being  termed  electrostriction.  The  appearance 
of  charged  groups  thus  reduces  the  solvent  volume  and  the  disappearance 
of  charged  groups  releases  water  of  hydration  to  increase  the  solvent 
volume.  Although  ionic  effects  are  often  dominant,  one  must  also  consider 
the  smaller  charges  associated  with  dipoles.  The  electric  fields  of  the 
reactants  may  change  in  quite  complex  fashion  during  the  formation  of  the 
activated  complex  or  the  final  products  and  the  over-all  result  will  depend 
on  whether  there  is  an  increase  or  decrease  in  the  total  polarity.  An  in- 
crease of  the  total  polarity  in  a  reaction  will  constrict  the  water  and  a  rise 
in  the  pressure  will  thus  favor  the  reaction.  Particularly  significant  volume 
changes  may  occur  when  oppositely  charged  ionic  reactants  form  a  neutral 
complex,  or  when  a  neutral  complex  breaks  down  to  ionic  products.  Solvent 
volume  changes  may  also  occur  when  neutral  molecules  react,  inasmuch 
as  water  molecules  may  be  displaced  from  the  nonpolar  surfaces  and  they 
will  be  free  to  enter  into  the  normal  water  structure,  which  has  somewhat 
less  volume  than  randomly  distributed  water  molecules. 

The  over-all  volume  change  may  therefore  be  made  up  of  many  contri- 
butions, some  negative  and  some  positive,  but  in  most  simple  reactions  it 
is  possible  to  interpret  volume  changes  readily.  In  reactions  occurring  in 
aqueous  solution,  the  major  volume  changes  most  commonly  relate  to  the 
alterations  in  the  water  structure.  The  effects  of  pressure  on  the  rates 
of  enzyme  reactions  will,  of  course,  in  the  general  case  depend  on  changes 
in  the  binding  of  the  substrate  to  the  enzyme  and  on  the  rate  of  breakdown 
of  the  ES  complex  to  products.  Thus,  both  K,  (or  /i,„)  and  ko  may  be  altered 
by  pressure.  In  more  complex  enzyme  reactions,  pressure  effects  may  be 
exerted  on  different  steps  in  the  sequence  or  on  the  binding  of  coenzymes 
or  cofactors  to  the  enzyme.  The  effects  of  pressure  on  enzyme  inhibition 
will  be  usually  more  easily  interpretable.  Excellent  discussions  of  the 
effects  of  pressure  on  enzyme  reactions  have  been  presented  by  Laidler 
(1958,  Chapt.  VIII)  and  Johnson  et  al.  (1954,  Chapt.  9). 

Variation  of  Equilibrium  and  Rate  Constants  with  Pressure 
The  free  energy  change  for  a  reaction  is  given  by: 

AF  =  RTlnK  =  AE  +  PAV  -  TAS  (15-105) 
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where  JE  is  the  change  in  internal  energy.  Thus: 


,     ,,        AE         AS         PAY 


and  the  variation  of  In  K  with  the  pressure  is  given  by: 

d\nK    _  AV 
dP       ~  W 


(15-107) 


which  was  originally  obtained  by  van't  Hoff.  When  the  reaction  involves 
an  increase  in  the  volume,  i.e.,  AV  is  positive,  K  will  increase  with  rise 
in  the  i^ressure,  indicating  an  opposition  to  the  reaction.  If  we  represent 
the  dissociation  constant  at  zero  pressure  as  Kq: 

In  K  =\n  Ko  +  —^^  (15-108) 

when  the  volume  change  is  independent  of  the  pressure,  and: 

K  =  K,e^P-^^RT)  (15-109) 

A  plot  of  log  K  against  P  should  then  give  a  straight  line  with  an  intercept 
of  log  Kq  and  a  slope  of  z]F/2.303i?T.  From  this  slope  the  over-all  volume 
change  may  be  calculated.  Similar  reasoning  applied  to  the  activation 
free  energy  leads  to  comparable  expressions  for  the  variation  in  the  rate 
constant  with  pressure: 

PAY* 

ln^=lnAo ^^  (15-110) 

h  =  k,-(P^v'iRT)  (15-111) 

where  Aq  is  the  rate  constant  at  zero  pressure.  Plots  of  log  k  against  P 
thus  provide  information  on  the  volume  change  for  the  formation  of  the 
activated  complex. 

The  variation  of  enzyme  rate  with  the  pressure  will  depend  on  the  sub- 
strate concentration  relative  to  K,,^  and  on  whether  Z„,  =  K,  or  not. 

K,n  =  K- 

{^)  <K,  ^  =  ^^e-P(JF+jF2*)/iir  (15-112) 


J^m  ^  hl^\' 


(S)  >  if,  V  =  Voe-^P''V,VRT)  (15-113) 

(S)<^,„  V  =  v,e-<P-'V,*/RT>  (15-114) 

(S)  >  A^„          V  =  Voe-^P''V,*/RT)  (15-115) 


where  Vq  is  the  rate  at  zero  pressure  (or  for  practical  pur])oses  at  normal 
atmospheric  pressure),  W  corresponds  to  the  formation  of  the  ES  complex. 
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AVj*  to  the  formation  of  the  ES*  activated  complex,  and  JF2*  to  the  acti- 
vated complex  in  the  breakdown  of  the  ES  complex  to  products.  When  the 
substrate  concentration  is  close  to  ^,„  or  K„^  is  (A'g  +  A-_i)/A"j,  the  relation- 
ships are  somewhat  more  complex  and  intermediate  between  the  extreme 
situations.  These  equations  may  be  easily  derived  by  substituting  the  values 
for  k^  and  K^^  obtained  from  Eq.  15-109  and  15-111. 

The  gas  constant  R  =  82.05  ml-atm  deg-i  mole-^  and  thus  this  value 
may  be  used  when  the  pressure  is  in  atmospheres  and  the  volume  change 
in  milliliters.  The  above  equations  may  be  written  in  the  general  form: 

V  PAV 

where  AV  represents  any  specified  volume  change.  At  temperatures  around 
370: 

V  P(atm)JF(ml)  n^^^'^^ 

log  —  = ^^^^^^ (15-117) 

Vo  58,590 

A  sample  calculation  will  illustrate  the  magnitude  of  the  changes  to  be  ex- 
pected. The  electrostriction  is  about  10  ml/mole  for  singly  charged  ions 
of  the  type  of  — C00~  and  — NH3+.  A  reaction  involving  the  appearance 
of  two  ionic  groups  w^ould  therefore  result  in  a  20  ml-reduction  of  the  solvent 
volume.  If  we  assume  that  this  is  the  major  volume  change  and  that  the 
pressure  is  increased  to  500  atm  (within  a  range  often  used  in  enzyme 
studies),  the  rate  is  found  to  increase  by  a  factor  of  1.48.  The  effect  of 
pressure  on  the  binding  of  an  inhibitor  to  an  enzyme  may  be  similarly 
found,  for  from  Eq.  15-108  we  may  write: 

PAV 

VK,  -  p/i.    - — r  (15-118) 

"        2.303i2r 

If  the  inhibition  involves  the  appearance  of  two  ionic  groups,  as  above, 
and  the  pressure  were  increased  to  500  atm,  the  pJ^,  w^ould  be  increased  by 
0.17. 

It  would  be  expected  that  volume  changes  might  be  in  general  correlated 
with  entropy  changes  if  disturbances  of  the  solvent  structure  are  of  major 
significance,  inasmuch  as  the  transfer  of  water  molecules  from  a  free  to  a 
bound  state,  or  vice  versa,  is  accompanied  by  entropy  changes.  For  example, 
if  ionic  groups  are  produced  in  a  reaction,  the  volume  will  decrease  due  to 
the  solvent  electrostriction;  simultaneously  there  will  be  a  decrease  in 
the  entropy  because  of  the  immobility  imposed  on  the  water  molecules. 
In  other  words,  the  volume  and  entropy  changes  should  be  roughly  parallel, 
and  this  has  been  found  to  be  true  for  many  reactions,  including  enzyme 
catalysis  (Laidler,  1958).  Pressure  studies  can,  thus,  supplement  the  more 
classic  thermodynamic  approaches  in  probing  the  movements  and  fluctua- 
tions in  the  electric  field  during  the  various  phases  of  a  reaction. 
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Effects  of  Pressure  on  Enzyme  Rates 

Some  of  the  factors  that  may  be  involved  in  bringing  about  volume  changes 
during  enzyme  reactions  have  been  discussed.  There  are  a  few  additional 
pressure  effects  that  could  be  important  in  certain  situations.  The  acidic 
ionization  constants  for  groups  on  either  the  enzyme  or  the  substrate  will 
be  altered  by  pressure  increase.  The  dissociation  of  a  proton  from  an 
acidic  group  will  lead  to  the  appearance  of  two  ionic  charges  which  will 
decrease  the  solvent  volume.  A  rise  in  the  pressure  will  thus  favor  ionization 
and  lead  to  a  decrease  in  the  pK^.  On  the  other  hand,  the  dissociation  of  a 
basic  group,  such  as  —  NH3+->  —  NHg  +  H+,  will  not  so  significantly 
alter  the  water  structure  and  the  \)KJs  of  such  groups  will  not  be  changed 
very  much  by  increases  in  the  pressure.  It  is  evident  that  any  changes  in 
the  P-Sl^'s  of  groups  at  or  near  the  active  center  may  modify  the  binding  of 
the  substrate  or  the  rate  of  decomposition  of  the  ES  complex. 

At  very  high  pressures,  perhaps  over  5000  atm,  enzymes  may  be  irrever- 
sibly inactivated,  and  it  is  possible  that  even  at  lower  pressures  there 
may  be  a  shift  in  the  equilibrium  between  native  and  denatured  forms  of 
the  enzyme.  It  is  known  that  in  moderate  pressure  ranges  the  rate  and 
extent  of  protein  denaturation  are  reduced,  indicating  an  increase  in  vol- 
ume for  the  denaturation  process,  but  that  at  higher  pressures  the  dena- 
turatio"n  may  be  accelerated.  It  would  be  well  in  all  pressure  work  to  test 
the  reversibility  of  the  effects  to  distinguish  between  the  direct  effects  on 
rate  and  equilibrium  constants  and  the  denaturation-type  changes  in  the 
enzyme  structure.  Actually,  the  water  structure  itself  is  changed  to  some 
extent  at  high  pressures,  as  shown  in  viscosity  studies;  for  example,  a  rise 
in  the  pressure  to  1000  atm  increases  the  viscosity  about  5%  (Moelwyn- 
Hughes.  1957,  p.  1234).  It  is  not  certain  if  such  changes  could  exert  sig- 
nificant effects  on  enzyme  reactions  but  in  diffusion-limited  systems  it  is 
likely  they  could  play  a  minor  role. 

Examples  of  the  effects  of  high  pressures  on  enzyme  rates  are  summar- 
ized by  Laidler  (1958)  and  calculations  of  the  volume  changes  for  the 
various  steps  are  presented.  In  most  cases  it  is  not  quite  certain  as  to  the 
interpretation  of  the  pressure  data  because  the  experiments  were  not  done 
at  widely  different  substrate  concentrations.  All  enzyme  reactions  studied 
are  sensitive  to  pressure  changes  and  in  some  there  are  apparently  very 
large  volume  changes.  In  general,  JT^,*  is  negative  (—  5  to  —  30  ml/mole), 
indicating  that  the  formation  of  the  activated  complex  in  the  breakdown 
of  the  ES  complex  to  products  involves  a  decrease  in  volume.  High  pres- 
sures, therefore,  usually  increase  k^  and  accelerate  the  enzyme  reaction, 
unless  the  effects  on  /il,„  are  such  as  to  oppose  this.  The  formation  of  the 
ES  complex  can  involve  either  increases  or  decreases  in  the  volume,  as 
might  be  expected  from  the  different  factors  that  may  be  involved  in  the 
binding.   The  most  thorough  study  is  probably  that  of  muscle  ATPase 
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(Laidler  and  Beardell,  1955).  A  rise  in  the  pressure  leads  to  an  increase  in 
k^  and  an  increase  in  K,^^.  This  means  that  the  binding  of  ATP  to  the  enzyme 
involves  an  increase  in  the  volmne,  this  presumably  resulting  from  the  neu- 
tralization of  ionic  charges  and  the  release  of  water  of  hydration.  This 
effect  alone  would  decrease  the  enzyme  rate  but  the  increase  in  k^  compen- 
sates for  this  and,  especially  at  high  substrate  concentrations,  the  rate  is 
increased  at  high  pressures.  The  increase  in  A'2  with  pressure  and  the  cor- 
responding decrease  in  volume  on  forming  the  activated  complex  were 
attributed  to  changes  in  the  configuration  of  the  enzyme;  however,  it  is 
also  possible  that  there  is  an  increase  in  polarity  during  the  activation  and 
a  consequent  electrostriction  of  the  water.  The  high  pressure  data  conform 
quite  well  to  the  entropy  changes  determined  by  other  means. 

Effects  of  Pressure  on    Enzyme  Inhibition 

There  has  been,  unfortunately,  only  one  study  on  the  response  of  en- 
zyme inhibition  to  high  pressure,  the  inhibition  of  yeast  fructofuranosid- 
ase  by  urethane.  The  extensive  investigations  on  the  inhibition  of  bio- 
luminescence  may  relate  to  the  luciferase  system  but  this  is  by  no  means 
certain  so  that  this  work  will  be  discussed  in  the  following  section.  Al- 
though pressure  studies  will  probably  never  be  common,  due  to  the  technical 
problems,  it  is  likely  that  some  enzyme  inhibitions  will  be  profitably  at- 
tacked in  this  way  in  the  future,  so  that  a  brief  discussion  of  some  of  the 
factors  that  may  be  involved  is  not  out  of  place. 

When  the  inhibition  is  the  result  of  the  simple  complexing  of  the  inhi- 
bitor with  the  enzj^me,  the  principal  effect  of  high  pressure  will  be  on  the 
binding  affinity  as  manifested  by  changes  in  A',.  Many  inhibitors  are  bound 
to  enzymes  by  electrostatic  forces  between  oppositely  charged  ionic  groups 
so  that  the  formation  of  the  EI  complex  in  these  cases  will  result  in  the 
release  of  some  water  of  hydration,  increasing  the  volume.  The  effect  of 
high  pressure  will  then  be  to  reduce  the  binding  and  the  inhibition.  The 
change  in  K^  may  be  estimated  from  Eq.  15-118  or,  conversely,  pressure 
data  may  be  used  to  determine  the  volume  changes  upon  inhibition.  Of 
course,  other  factors,  such  as  changes  in  the  pA,/s  of  acidic  groups  or  al- 
terations in  the  enzyme  structure,  may  be  important.  Also  certain  inhi- 
bitions involve  the  interaction  of  nonpolar  surfaces  and  a  reduction  in  the 
volume  due  to  the  displacement  of  the  water.  Just  as  in  the  effects  of  the 
dielectric  constant  and  the  ionic  strength,  the  final  result  will  depend  in  the 
case  of  a  complex  inhibitor  on  the  balance  of  the  forces  participating  in  the 
binding. 

Competitive  inhibition  will  be  affected  by  pressure  in  a  more  complex 
fashion  because  A",„  will  ])e  changed  along  with  K^.  Inasmuch  as  competitive 
inhibition  usually  involves  an  inhibitor  structurally  related  to  the  sub- 
strate, the  forces  binding  the  two  substances  to  the  enzvme  will  often  be 
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similar.  Therefore,  K„^  and  K^  will  generally  change  in  the  same  way.  If 
the  Michaelis  constant  is  not  K^,  this,  of  course,  will  not  necessarily  be  true. 
Competitive  inhibition  will  not  be  changed  as  much  as  noncompetitive 
inhibition  upon  changing  the  pressure  because  of  the  similar  effects  on  the 
binding  of  both  substrate  and  inhibitor. 


TEMP. 


Fig.  15-23.  Effects  of  temperature  and  jjressure  on  the  activity 
of  yeast  /S-friictofuranosidase.  A,  1  atm  pressure  in  the  absence 
of  inhibitor;  B,  1  atm  pressure  and  ,500  vaM  urethane;  C,  680 
atm  pressure  in  the  absence  of  inhibitor;  and  D,  680  atm  pres- 
sure  and  500   m3f    urethane.   (From    Johnson   et  al.,    1948.) 


It  would  seem  that  the  effects  of  high  pressures  on  simple  enzyme  in- 
hibitions would  be  straightforward  and  rather  easily  interpretable.  How- 
ever, the  one  example  we  have  is  not  at  all  simple.  The  effects  of  pressure 
on  the  uninhibited  and  urethane-inhibited  rates  of  /?-fructofuranosidase  are 
shown  in  Fig.  15-23  and  on  the  urethane  inhibition  in  Fig.  15-24  (Johnson 
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et  al.,  1948).  These  curves  demonstrate  well  that  the  effect  of  pressure  can 
vary  with  the  temperature;  high  pressure  reduces  the  inhibition  below 
18°  and  above  47°,  but  increases  it  between  these  temperatures.  Similar 
variations  would  probably  be  seen  with  changes  in  the  pH,  since  the  pres- 
sure effect  on  the  uninhibited  rate  is  pH-dependent.  It  may  be  noted  that 


Fig.   15-24.   Effects   of  temperature  and  pressure  on  the  inhi- 
bition of  yeast   ^-fruetofuranosidase   by   urethane   (500   mM). 
A,  1  atm   pressure   and   B,  680  atm  pressure.  (From  Johnson 
et  al,  1948.) 


at  all  temperatures  an  increase  in  the  pressure  accelerates  the  rate,  whether 
urethane  is  present  or  not.  The  effect  of  urethane  doesn't  change  with  pres- 
sure markedly  up  to  45°  but  above  this  temperature  the  inhibition  is 
mainly  suppressed.  Calculations  of  the  volume  changes  indicated  that  in 
the  lower  temperature  range  there  is  a  decrease  in  the  volume  (around 
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—  10  ml/mole  for  the  formation  of  the  enzyme-urethane  complex)  but  at 
50°  this  reverses  to  a  vokmie  increase,  which  becomes  quite  large  around 
60-65°.  Of  course,  at  the  higher  temperatures  one  might  expect  the  situa- 
tion to  become  more  complex  because  of  the  instability  of  the  enzyme 
and  the  multiple  reactions  that  may  be  simultaneously  proceeding.  In  the 
normal  temperature  range,  high  pressure  increased  the  inhibition  and  the 
volume  slightly  decreased  as  mentioned  above.  What  might  be  the  expla- 
nation for  this  effect?  The  volume  change  is  equivalent  to  that  seen  with  the 
appearance  of  one  ionic  charge  so  it  is  possible  that  the  binding  of  the 
urethane  to  the  enzyme  brings  about  an  ionization  of  an  enzyme  or  an  inhi- 
bitor group,  or  creates  a  strong  clipole.  The  pressure  effect  might  also  be 
on  an  enzyme  acidic  group  to  promote  ionization  and  increase  the  sensi- 
tivity of  the  enzyme  to  the  urethane.  However,  /?-fructofuranosidase  has 
pica's  at  2.6-3.0  and  6.6-6.8,  and  the  experiments  w^ere  run  at  pH  4.5,  so 
that  it  is  unlikely  that  such  a  mechanism  is  correct.  If  the  urethane  fa- 
vored the  denaturation  of  the  enzyme,  or  shifted  the  equilibrium  in  favor 
of  a  denatured  form,  one  would  exi:)ect  an  increase  in  volume  (which  is 
what  might  occur  at  higher  temperatures).  A  change  in  the  configuration 
of  the  active  site  due  to  hydrogen  bonding  between  urethane  and  the  poly- 
peptide chains  is  a  remote  possibility.  Whatever  explanation  is  correct, 
this  example  serves  to  illustrate  the  inherent  complexity  of  such  studies 
and  issues  a  warning  against  the  facile  interpretation  of  the  results. 

Effects  of  Pressure  on  Inhibitions  in  Cellular  Systems 

Many  studies  have  shown  the  marked  effects  pressure  may  have  on  cell 
motility  —  for  example,  muscle  contraction,  ciliary  beating,  and  cell  cleav- 
age —  and  these  effects  have  been  successfully  interpreted  in  terms  of 
changes  in  the  protoplasmic  viscosity  or  shifts  in  the  sol-gel  state.  Such 
physical  alterations  must  be  important  in  the  responses  of  some  metabolic 
systems  to  high  pressure  but  nothing  is  known  about  this  as  yet.  It  would 
be  most  interesting  to  know  what  the  effects  of  high  pressure  are  on  the 
tricarboxylic  acid  cycle  in  isolated  mitochondria.  In  multienzyme  systems, 
the  effects  of  pressure  must  indeed  be  quite  complex  because  each  step  will 
be  affected  to  some  extent.  The  only  cellular  metabolic  system  studied  quan- 
titatively with  respect  to  pressure  is  the  luminescence  of  certain  bacteria 
by  Johnson  and  his  colleagues.  These  experiments  were  usually  considered 
to  represent  the  effects  on  the  luciferase  reaction  but  there  are  other  en- 
zymes that  are  probably  involved  in  determining  the  intensity  of  the  lu- 
minescence, so  that  it  may  be  safer  to  envision  a  multienzyme  system. 
Indeed,  it  is  likely  that  in  bacteria  there  is  no  enzyme  functioning  like  lu- 
ciferase in  fireflies.  Evidence  against  the  single-enzyme  interpretation  was 
present  in  the  early  work.  For  example,  the  luminescence  of  different  spe- 
cies of  bacteria  is  affected  differently  by  an  increase  in  the  pressure:  the 
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luminescent  intensity  of  Photohacterium  pJiosphoreuni  is  increased,  that  of 
Achromobacter  fiscJieri  is  unaffected  except  at  high  pressures,  and  that  of 
Achromohacter  harveyi  is  depressed  (Brown  et  al.,  1942).  It  might  be  that 
the  responsible  enzymes  in  these  organisms  are  qualitatively  different,  but 
it  would  seem  more  reasonable  that  other  factors  are  the  basis  for  the  varying 
responses.  Also  the  very  marked  effects  of  the  temperature  on  the  response 
to  high  pressures  would  point  to  controlling  factors  more  complex  than  a 
single  enzyme.  Work  with  bacterial  extracts  has  led  to  the  following  pro- 
visional scheme  for  the  sequence  of  reactions: 

(1)         (2)         (4)  X 

X^A^B-^D^  (15-119) 

^^''      m\ 

C  +  heat       C  +  heat 

(1)  XHa  +  DPN+ ^  X  +  DPNH  +  H+ 

(2)  DPNH  +  FMN  +  H+  ^  DPN+  +  FMNH^ 

(3)  FMNH^  +  1/2  O2  -^  FMN  +  H^O 

OH 

(4)  FMXH2  +  O2  +  R-CHO-E  ->  FMN  +  E-R-C^OOH 

^H 
OH 

(5)  E-R-C^OOH  +  FMNH2  ->  E-R-CHO-FMN* 

^H 
OH 

(6)  E— R— C^OOH  +  Y  — ^  nonluminescent  products 

^H 

XHg  represents  electron  donors,   FMN  is  flavin  mononucleotide, 

OH 
E-R-C^OOH 
^H 

is  an  aldehyde-peroxide  addition  complex,  and  the  asterisks  indicate  the 
photochemically  activated  molecules.  The  R-CHO  is  a  long-chain  aldehyde 
originally  obtained  from  renal  cortex  and  later  shown  to  be  palmitic  al- 
dehyde. The  enzyme,  E,  might  be  considered  as  the  equivalent  of  luciferase, 
but  the  other  reactions  are  also  enzymic.  It  might  also  be  pointed  out  that 
the  level  of  DPN+  would  be  determined  by  reactions  unrelated  to  the 
luminescence  sequence.  The  reduction  of  FMN  by  DPNH  is  perhaps  the 
limiting  step  under  certain  circumstances  but  in  the  living  cell  it  is  difficult 
to  know  if  this  is  always  true.  In  any  event,  the  effects  of  pressure  may  be 
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on  one  or  more  enzymes,  and  not  necessarily  on  the  one  involved  in  the  final 
emission  of  light.  A  study  of  the  effects  of  sudden  pressure  changes  in  such 
isolated  systems  has  led  Strehler  (1955)  to  postulate  that  high  pressure  in- 
hibits the  DPNH-FMN  reaction  (indicating  a  volume  increase  on  activation) 
and  accelerates  the  oxidation  of  FMNHg  via  the  luminescent  pathway  (indi- 
cating an  over-all  volume  decrease).  It  was  pointed  out  that  other  inter- 
pretations are  possible  but  for  our  present  purpose  in  discussing  the  effects 
of  pressure  on  the  inhibition  of  luminescence  it  emphasizes  that  some  re- 
evaluation  of  the  earlier  conclusions  must  be  made,  since  in  the  earlier 
work  the  effect  of  pressure  on  only  one  enzyme  was  assumed.  The  sites  of 
actions  of  the  various  inhibitors  in  the  sequence  are  not  known  and  this 
further  complicates  an  analysis  of  the  pressure  effects  on  inhibition.  The 
actions  of  the  inhibitors  on  the  isolated  systems  with  respect  to  pressure 
have  not  been  investigated  as  yet. 

The  first  demonstration  that  the  inhibition  of  a  metabolic  system  could 
be  reduced  or  eliminated  by  an  increase  in  the  pressure  was  in  a  study  of 
bacterial  luminescence  by  Johnson  et  al.  (1942  a).  The  inhibitions  produced 
by  chloroform,  ethyl  ether,  ethanol,  procaine,  and  certain  carbamates  are 
diminished  by  high  pressure,  whereas  inhibitions  by  p-aminobenzoat^, 
sulfanilamide,  barbital,  and  chloral  hydrate  are  scarcely  affected  or  slightly 
increased  (Fig.  15-25).  The  explanation  for  these  effects  was  formulated  in 
terms  of  shifts  between  native  and  denatured  forms  of  some  critical  enzyme. 
For  example,  inhibitors  such  as  ethanol  or  the  carbamates  were  believed  to 
lower  the  activation"  energy  for  the  reversible  denaturation  of  the  enzyme; 
since  denaturation  involves  an  increase  in  the  volume,  high  pressures  would 
tend  to  counteract  the  inhibition.  Actually,  if  the  interaction  of  the  inhi- 
bitor with  the  enzyme  in  any  way  involves  an  increase  in  the  volume,  an 
antagonism  by  pressure  would  be  observed.  Also,  since  the  hmiinescence 
has  now  been  shown  to  depend  upon  a  multienzyme  system,  further  pos- 
sibilities for  pressure  effects  are  conceivable. 

A  more  detailed  study  of  the  inhibition  by  ethanol  (Johnson  et  al., 
1945)  gave  the  results  shown  in  Fig.  15-26  for  the  effects  of  pressure.  A 
consistent  depression  of  the  inhibition  was  seen  at  all  concentrations  of 
the  ethanol  but  the  volume  changes,  obtained  by  logarithmic  plots,  were 
154  ml/mole  at  0.2  M  and  60  ml/mole  between  1  and  1.5  M,  possibly  in- 
dicating that  somewhat  different  mechanisms  are  responsible  for  the  inhi- 
bition at  different  concentrations,  or  that  the  actions  on  two  or  more  steps 
of  the  multienzyme  system  vary  relatively.  A  disturbing  factor,  which 
has  never  been  corrected  for  in  studies  of  this  type,  is  seen  at  24.4°  and 
0.5  M  ethanol:  increasing  pressure  accelerates  the  luminescent  reaction 
equally  in  both  the  presence  and  absence  of  ethanol,  which  leads  to  an  ap- 
parent decrease  in  the  inhibition.  If  the  stimulation  were  due  to  some 
step  unrelated  directly  to  the  ethanol  inhibition,  these  results  would  not 
actually  imply  a  reduction  of  this  inhibition.  It  may  also  be  mentioned 
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that  the  antagonism  of  the  ethanol  inhibition  by  high  pressure  is  reduced 
or  abolished  at  higher  temperatures. 

Examination  of  a  series  of  carbamates  showed  that  only  the  lower  mem- 
bers of  the  series  are  made  more  ineffective  inhibitors  by  high  pressures, 


0                   2000 
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Fig.  15-25.  Effects  of  pressure  on  several  inhibitions 
of  luminescence  in  P.  phosphoreum.  A,  ethyl  ether 
(140  mM);  B.  procaine  (6.4  mM);  C,  ethanol  (500 
mM);  D,  phenylcarbamate  (4  rail);  E,  ethylcarba- 
mate  (780  mM);  F,  chloroform  (50  mM);  G,  chloral 
hydrate  (16  mM);  H,  barbital;  I,  sulfanilamide  (3.8 
mM);  and  J,  /j-aminobenzoate  (10  m3I).  (From 
Johnson   et  al.,    1942  a.) 


the  inhibitions  by  the  hexyl  and  octyl  carbamates  actually  increasing  with 
rise  in  the  pressure  (Johnson  et  al.,  1951)  (Fig.  15-27).  The  inhibition 
by  methyl  carbamate  is  characterized  by  a  volume  increase  of  around  GO- 
TO ml/mole  up  to  pressures  of  3000  psi,*  but  at  higher  pressures  the  cal- 
culated volume  increase  becomes  much  greater  (between  279  and  438  ml/ 
mole).  These  values  are  remarkably  large  and  it  was  suggested  were  partly 


One   atm  =  14.696    pounds/inch-   (psi)  =  1.0.33    kg/cm-   (bars) 
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due  to  a  large  experimental  error  associated  with  the  measurements  of  small 
inhibitions.  However,  in  all  cases,  the  calculated  volume  changes  vary 
with  the  pressure,  and  in  the  case  of  ethanol,  change  in  sign  at  very  high 
pressures.  This  may  be  related  to  the  different  effects  of  pressure  on  de- 
naturation  in  the  different  pressure  ranges,  as  mentioned  above,  but  could 
also  be  due  to  changes  on  a  more  cellular  level,  for  example  a  liquefaction 
of  the  structural  units  of  the  luminescent  system. 

Completely  satisfactory  explanations  for  the  effects  of  pressure  on  lu- 
minescence inhibition  must   await  further  experimentation  on  bacterial 
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Fig.  15-26.  Effects  of  pressure  on  the  ethanol  inhibition  of  lumines- 
cence in  Photobacterium  at  j^H  7.   The  figures   on  tlie   curves   show 
the   ethanol   concentrations.   The   curves   were    replotted   from   the 
curves  of  Johnson  et  al.  (1945). 


extracts  or  otherwise  purified  systems,  with  particular  attention  to  the  site 
or  sites  of  inhibitor  action  and  the  operation  of  the  system  under  physio- 
logical conditions  as  far  as  possible,  so  that  approximately  the  same  steady 
state  as  occurs  intracellularly  can  be  attained.  The  results  obtained  on 
cellular  suspensions  indicate  to  the  author  that  the  mechanisms  are  per- 
haps more  complex  than  has  been  assumed.  It  would  also  be  very  interesting 
to  find  out  how  the  effects  of  the  more  usuallv  used  inhibitors  are  modified 
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by  pressure.  Studies  on  cyanide,  azide,  ;p-chloromercuribenzoate,  iodo- 
acetate,  the  naphthoquinones,  and  other  more  specific  inhibitors  on  kimi- 
nescence  might  be  quite  informative. 
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Fig.  15-27.  Effects  of  pressure  on  the  inhibition  of  lu- 
minescence in  Photohacterium  by  a  series  of  carbamate 
analogs.  The  concentrations  of  the  inhibitors  were  such 
as  to  give  approximately  50%  inhibition  at  standard 
pressure,  the  relative  positions  of  the  curves  being 
unimportant.  (From  Johnson  et  al.,  1951.) 


EFFECTS  OF  EXTRANEOUS  BINDING  AND  IMPURITIES 

It  was  briefly  discussed  in  Chapter  3  how  the  ])inding  of  an  inhil^itor  to 
extraneous  sites  could  have  important  consequences  in  mutual  depletion 
systems  and  it  was  i^ointed  out  that  the  over-all  specific  concentration  of 
binding  sites  is  critical  in  the  determination  of  the  boundary  conditions. 
By  extraneous  binding  sites  is  meant  all  the  sites  and  substances,  aside 
from  the  enzyme  active  center  or  immediately  adjacent  regions,  capable  of 
complexing  with  the  inhibitor.  In  other  words,  the  inhibitor  can  be  bound 
to  noncatalytic  groups  on  the  enzyme,  or  to  other  proteins  present  in  the 
enzyme  preparation,  or  to  any  other  substances  present  (such  as  nucleic 
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acids,  heavy  metal  ions,  or  polysaccharides).  With  the  increasingly  exten- 
sive use  of  more  potent  inhibitors,  this  problem  becomes  of  greater  sig- 
nificance, and  it  is  necessary  to  look  into  the  quantitative  asi)ects  and  the 
means  to  detect  such  binding. 

For  a  system  containing  n  different  extraneous  binding  sites  or  sub- 
stances, the  conservation  equation  for  the  inhibitor  in  a  mutual  depletion 
system  may  be  written  as: 

(I)e  =  K,  —^  +  i(E),  +  ri(PJ,  +  ...  +  •/■„(?„),  (15-120) 

\  —  % 

where  (Py);  is  the  total  concentration  of  the  yth  type  of  binding  site  and 
Tj  is  the  fraction  of  the  jth  site  bound  to  the  inhibitor,  i.e.,  r,  =  (P^I)/(Pj);. 
In  comparison  with  Eq.  3-32,  the  first  term  is  the  concentration  of  the 
free  inhibitor,  the  second  term  the  concentration  of  inhibitor  bound  to  the 
enzyme  active  site,  and  the  other  terms  the  concentrations  of  inhibitor 
bound  to  the  various  extraneous  sites.  In  zone  C,  where  the  concentration 
of  the  free  inhibitor  is  negligible,  the  situation  is  fairly  simple,  since: 

(I),         r,(P,),  +  ...  4- r„(P„),  nRioix 
(15-121) 


(E),  (E), 

The  inhibition  will  be  reduced  by  the  amount  indicated  in  the  second  term. 
Let  us  now  assume  that  the  total  concentration  of  each  of  the  extraneous 
binding  sites  is  related  to  the  total  enzyme  concentration  by  equations  such 
as   (Pj)^  =  'Pj(Ei)t,   so  that: 

^  =  T^r  -  '^'P^  -  -  -  ^-Vn  (15-122) 

The  effect  of  the  extraneous  binding  sites  on  the  zone  C  inhibition  will 
thus  depend  on  (1)  the  number  of  different  types  of  binding  sites,  (2)  the 
concentrations  of  these  sites  relative  to  the  enzyme,  and  (3)  the  afiinities 
of  the  sites  for  the  inhibitor  as  reflected  in  the  r  values. 

These  relationships  are  i^articularly  important  in  the  deductions  made 
from  the  studies  of  pseudoirreversible  or  titration-type  inhibitors,  since 
in  these  the  enzyme  concentration  is  assumed  to  be  proportional  to  the  am- 
mount  or  concentration  of  the  inhibitor,  i.e.,  (E)^  =  (1)^/^  (see  Chapter  3). 
In  the  presence  of  extraneous  binding  sites: 

(E),  =  -. — (15-123) 

^    +  nPl    +   ...    +  rnVn 

In  any  specified  condition,  (E),  is  still  proportional  to  (I),,  but  when  one 
is  determining  the  relative  enzyme  concentrations  in  different  prepara- 
tions or  tissues,  the  term  r-^^p-^^  +  ...  -f  r,j:),j  may  not  be  constant,  i.e., 
some  tissues  will  have  more  extraneous  binding  sites  than  others  and  the 
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types  of  sites  may  also  vary.  This  is  why  it  is  imijortant,  as  pointed  out 
by  Potter,  in  the  titration  of  tissue  enzymes  with  potent  inhibitors  that 
the  specificity  of  the  inhibitor  for  the  enzyme  be  very  high.  This  is  the 
specificity  not  only  with  respect  to  other  enzymes  but  to  all  binding  sites 
or  substances.  Thus  antimycin  may  block  very  specifically  one  step  in 
electron  transjiort  and  interfere  with  no  other  enzyme  systems,  but  this 
does  not  mean  that  it  cannot  be  bound  significantly  by  other  substances 
in  the  cells.  If  the  affinity  of  an  extraneous  binding  site  for  the  inhibitor  is 
great,  it  may  not  require  a  very  high  concentration  of  this  site  to  reduce 
the  inhibition  appreciably. 

This  treatment  applies  to  zone  C  behavior.  In  zone  A  one  would  not 
expect  any  effect  of  extraneous  binding  sites  on  the  inhibition  while  in 
zone  B  the  situation  would  be  intermediate  between  zones  A  and  C.  This  is 
one  way  of  looking  at  it.  Another  is  to  assume  that  the  boundary  conditions 
are  defined  not  only  by  the  binding  to  the  enzyme  but  to  all  the  sites, 
which  is  somewhat  more  reasonable  because  experimentally  the  behavior 
of  the  inhibition  will  correspond  to  a  zone  determined  by  the  total  binding. 
In  other  words,  the  i^resence  of  sufficient  extraneous  binding  sites  to  re- 
duce the  free  inhibitor  concentration  will  transfer  a  system  from  zone  A 
into  zone  B,  or  from  zone  B  into  zone  C. 

Detection  of  extraneous  binding  is  usually  not  easy.  If  the  inhibition  is 
truly  in  zone  C,  a  plot  of  the  inhibition  against  the  total  concentration 
of  the  inhibitor  will  no  longer  give  a  straight  line  passing  through  the 
origin  (Eq.  15-121).  However,  in  an  impure  enzyme  preparation,  if  it 
is  found  that  the  inhibition  at  constant  inhibitor  concentration  varies 
with  the  amount  of  the  enzyme  present,  it  is  not  immediately  evident 
whether  the  depletion  of  free  inhibitor  is  due  to  the  enzyme  itself  or  to 
extraneous  binding  substances.  One  can  determine  the  inhibition  in  prep- 
arations of  varying  i3urity;  if  the  inhibition  becomes  greater  as  the  en- 
zyme is  purified,  it  is  possible  that  other  substances  are  binding  the  enzyme, 
but  on  the  other  hand  the  enzyme  may  be  made  more  sensitive  by  the  pu- 
rification or  the  extraneous  binding  sites  may  be  located  on  the  enzyme. 
In  the  latter  case  it  is  very  difficult  to  determine  the  extent  of  such  extra- 
neous binding  but  it  is  usually  not  so  important  to  do  so  as  in  situations 
where  other  substances  are  interfering  with  the  inhibition.  In  certain 
instances,  one  can  directly  determine  the  degree  of  inhibitor  binding  in  a 
preparation  by  equilibrium  dialysis  or  by  other  techniques  and,  if  the  ap- 
proximate concentration  of  the  enzyme  is  known,  some  estimate  may  be 
made  of  the  extent  of  extraneous  binding.  The  nature  of  the  inhibitor  is 
often  the  best  clue  because  some  inhibitors  are  obviously  rather  strongly 
bound  to  a  variety  of  cell  components;  for  example,  the  heavy  metal  ions 
or  the  mercurials  are  bound  to  many  proteins  and  nucleic  acids,  so  that 
evidence  of  free  inhibitor  depletion  would  usually  be  interpreted  in  terms 
of  extraneous  binding. 
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Althougti  quite  a  different  phenomenon,  it  may  be  mentioned  in  connec- 
tion with  the  presence  of  impurities,  that  insufficient  attention  has  often 
been  paid  to  the  possibility  of  interfering  substances  being  introduced 
with  the  inhibitor.  Many  commercial  preparations  of  inhibitors  are  not 
pure  and  the  effects  upon  enzyme  or  metabolic  systems  may  be  partially 
or  totally  dependent  on  these  impurities.  An  excellent  example  of  this  has 
been  provided  recently  in  a  study  of  yeast  alcohol  dehydrogenase  (Hoch 
et  al.,  1960).  The  inhibition  of  this  enzyme  by  iV'-methylnicotinamide  was 
shown  to  be  due  to  a  contamination  of  this  substance  with  Ag+  ions.  The 
inhibition  by  semicarbazide  could  also  be  attributed  to  its  metal  ion  con- 
tent. Complete  purification  of  each  substance  to  remove  these  metal  ions 
led  to  an  elimination  of  the  inhibition.  It  was  pointed  out  that  in  using 
inhibitors  that  are  not  so  potent,  a  dependency  of  the  inhibition  on  the 
enzyme  concentration  should  lead  one  to  suspect  adventitious  inhibition 
by  a  potently-acting  impurity. 

EFFECTS  OF  ENZYME  OR  METABOLIC  RATE 

The  question  of  w^hether  the  degree  of  inhibition  in  a  particular  system 
will  depend  on  the  rate  at  which  the  system  is  operating  often  arises,  and 
is  especially  important  in  considerations  of  the  relative  effects  of  inhibitors 
on  tissues  with  different  levels  of  activity.  There  are  many  ways  in  which 
the  metabolic  rate  could  be  altered:  changes  in  the  concentrations  of  sub- 
strate, coenzymes,  cofactors,  or  acceptors  such  as  oxygen;  change  in  the 
total  enzyme  concentration;  changes  in  temperature,  pH,  or  ionic  strength; 
elimination  of  a  limiting  step,  as  in  the  uncoupling  of  oxidative  phosphor- 
ylation; the  activation  of  an  enzyme,  as  in  the  reduction  of  —  S  — S—  groups 
to  — SH  groups;  the  removal  of  some  product  that  is  slowing  the  forward 
reaction;  change  in  the  spatial  configuration  in  structurally  dependent 
multienzyme  systems;  and,  in  the  case  of  many  tissues,  a  modification  of 
the  level  of  function,  as  in  the  stimulation  of  nerve  or  muscle.  It  is,  there- 
fore, difficult  to  formulate  any  general  laws  relating  inhibition  to  meta- 
bolic rate  because  in  most  cases  the  effect,  if  any,  will  depend  on  the  way 
in  which  the  rate  is  altered.  In  every  case  in  which  the  rate  is  changed, 
the  direct  effect  of  the  rate-altering  procedure  on  the  inhibition  must  be 
eliminated  if  the  effect  of  rate  alone  is  to  be  determined. 

Single    Enzymes 

An  enzyme  for  which  the  Michaelis  constant  is  given  by  the  generalized 
expression,  K^„  =  (^2  +  ^-i)/^i5  may  be  inhibited  to  different  degrees  by 
a  constant  concentration  of  an  inhibitor  as  the  rate  is  altered.  This  can 
occur  when  some  procedure  changes  ^2  specifically.  If,  for  example,  ^2  is 
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increased,  the  enzyme  rate  will  rise  and  i^,„  will  increase.  Since  the  inhi- 
bition produced  by  a  competitive  inhibitor  depends  on  K^^: 

^^^  (15-124) 


(I)  +  K^l  +  {^)lK^-\ 


as  iC,„  increases,  the  inhibition  will  become  greater.  This  has  been  very 
nicely  demonstrated  for  the  inhibition  of  succinic  dehydrogenase  by  mal- 
onate  (Thorn,  1953).  The  rate  constant,  k^,  can  be  altered  here  by  changing 
the  concentration  of  the  hydrogen  acceptor,  e.g.  methylene  blue.  The 
Ky„  was  found  to  vary  over  a  twenty  fold  range  with  changes  in  the  meth- 
ylene blue  concentration  and,  as  a  consequence,  the  inhibition  by  malonate 
was  found  to  increase  almost  linearly  with  the  rate  of  succinate  oxidation. 
Noncompetitive  inhibition,  of  course,  would  not  be  affected  by  such  rate 
changes. 

It  was  claimed  by  Florijn  and  his  colleagues  (Florijn  et  al.,  1950)  that 
noncompetitive  inhibition  in  mutual  depletion  systems  is  dependent  on 
the  rate  as  influenced  by  the  substrate  concentration.  However,  reference 
to  Eqs.  3-34  to  3-36  shows  that  the  substrate  concentration  does  not  enter 
into  the  expressions  for  the  inhibition.  Actually,  a  noncompetitive  inhi- 
bitor inactivates  a  fraction  of  the  enzyme  active  sites,  although  it  does 
not  affect  the  binding  of  the  substrate,  and  it  makes  no  difference  what 
the  substrate  concentration  is  or  in  what  zone  with  respect  to  substrate 
the  system  hajppens  to  be. 

It  would  be  well  to  point  out  the  errors  in  the  treatment  of  Florijn 
and  his  co-workers.  In  the  first  place,  although  noncompetitive  inhibition 
is  assumed,  only  the  equilibrium  between  the  substrate  and  the  enzyme  is 
considered,  whereas  a  noncompetitive  inhibitor  doesn't  alter  this  but  only 
decreases  F,„  or  prevents  the  substrate  from  reacting  once  it  has  complexed 
with  the  enzyme.  In  the  expression  for  K„  the  concentration  of  free  en- 
zyme is  not  (E);  —  (ES)  —  (EI),  but  only  (E),  —  (ES),  since  a  noncompeti- 
tive inhibitor  doesn't  reduce  the  sites  for  the  substrate  binding.  In  the 
second  place,  they  calculate  the  inhibition  as  equivalent  to  {v  —  v,)/v  in 
an  equation  involving  i  and  in  their  table  showing  the  variation  of  inhibi- 
tion with  the  substrate  concentration,  they  initially  assume  that  i  =  0.2 
and  then  proceed  to  calculate  an  inhibition  that  varies.  The  experimental 
results  they  obtained,  which  prompted  them  to  develop  the  treatment, 
are,  however,  very  interesting,  but  will  be  discussed  later  since  they  in- 
volve complex  metabolic  systems. 

Obvious  relationships  between  the  rate  and  the  inhibition  occur  in  some 
cases.  For  example,  in  mutual  depletion  systems  with  respect  to  the  inhi- 
bitor, varying  the  rate  by  altering  the  total  enzyme  concentration  will 
affect  the  inhibition,  because  more  or  less  of  the  inhibitor  will  be  bound  to 
the  enzyme.  As  the  enzyme  concentration  is  increased,  the  rate  will  go  up 
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but  the  inhibition  will  be  diminished.  In  general,  however,  enzymes  in 
zone  A  will  be  inhibited  to  the  same  degrees,  whatever  the  rates  as  influenced 
by  a  variety  of  factors. 

Multienzyme   Systems 

The  situation  here  becomes  very  complex  because  of  the  great  number  of 
possibilities  as  to  the  ways  in  which  the  rates  may  be  changed  and  as  to 
the  mechanisms  by  which  the  inhibitors  can  act.  Therefore  discussion  will 
be  limited  to  specific  cases.  In  simple  irreversible  monolinear  chains,  such 
as  A->B->C-^D,  the  over-all  rate  is  determined  by  the  first  reaction 
and  will  increase  with  the  concentration  of  A  up  to  saturation  of  E^.  Inhi- 
bition of  an  enzyme  later  in  the  sequence  will  depress  the  formation  of 
product  only  if  the  F,,,  of  the  inhibited  step  is  reduced  below  the  rate  of 
the  first  step,  or  if  the  intermediate  that  is  the  substrate  for  the  inhibited 
enzyme  cannot  rise  in  concentration  sufficiently  to  maintain  a  steady  state 
(see  Chapter  7).  The  greater  the  concentration  of  A  and  the  more  rapid  the 
uninhibited  rate,  the  easier  will  it  be  for  an  inhibitor  to  reduce  the  Vj„ 
of  the  inhibited  enzyme  below  t\.  This  is  seen  in  Eq.  7-6  where  the  over-all 
inhibition  in  the  formation  of  the  product  depends  on  (A). 

The  opportunities  for  the  inhibition  to  be  aff"ected  by  the  rate  are  in- 
creased in  branched  chains.  A  convergent  system,  such  as  shown  in  Eq. 
7-22,  will  be  inhibited  by  an  action  on  E^  or  Eg  to  a  degree  depending  on  the 
fractions  of  the  flow  that  pass  through  reactions  1  and  3.  For  example,  if 
an  inhibitor  acts  on  Eg,  an  increase  in  (A)  will  increase  the  fraction  of 
the  rate  that  is  resistant  to  the  inhibitor  and  hence  will  decrease  the  in- 
hibition while  increasing  the  rate  of  formation  of  C.  Such  relationships 
are  readily  treated  and  they  are  mentioned  only  to  emphasize  that  similar 
phenomena  may  occur  in  cellular  metabolism. 

One  may  also  generalize  that  any  change  in  the  rates  in  complicated 
multienzyme  systems  that  leads  to  a  shift  in  limiting  reactions  is  very 
apt  to  alter  the  degree  of  response  to  an  inhibitor,  since  the  sensitivity 
of  the  over-all  rate  to  an  inhibitor  will  depend  on  whether  it  acts  on  an 
enzyme  that  is  limiting.  Thus  the  uncoupling  of  oxidative  phosphorylation 
may  modify  the  inhibition  on  electron  transport  or  respiratory  systems. 

Cellular  Metabolism  and   Function 

The  factor  of  inhibitor-sensitive  and  inhibitor-resistant  fractions  in 
most  metabolic  systems  is  very  important  in  connection  with  the  effect 
of  over-all  rate  on  inhibition  because  the  response  will  depend  on  whether 
the  fractions  remain  relatively  the  same  when  the  total  rate  changes.  If 
the  inhibitor-stable  metabolism  is  always  a  constant  fraction  of  the  total 
metabolism,  whatever  the  over-all  rate,  the  inhibition  will  be  independent 


860  15.    EFFECTS    OF   VARIOUS   FACTORS   ON   INHIBITION 

of  the  rate,  but  otherwise  it  will  vary.  If  we  designate  the  sensitive  fraction 
by  fg  and  the  resistant  fraction  by  /^,  and  if  an  inhibitor  produces  an  inhi- 
bition of  degree  i  on  the  sensitive  fraction,  the  following  may  be  written: 

Uninhibited:  /«  +  /r  =  1 

Inhibited:  (1  —  i)fs  +  fr  =  relative  rate 

.  fs 


fs    +  fr 


ifs  (15-125) 


If  now  the  total  rate  is  altered  and  the  individual  fractions  are  changed 
by  the  factors  n  and  m: 


Uninhibited: 

nfs  +  mfr  =  r 

Inhibited: 

(1  - 

-  i)nfs  +  w/r  =  relative  rate 

\ 

nfs             .   nfs 
nfs  +  mfr             r 

(15-126) 

where  r  is  the  new  rate  relative  to  the  initial  rate.  The  ratio  of  the  over-all 
inhibitions  for  the  two  situations  is  then: 

4^  =  —  (15-127) 

which  is  the  ratio  of  the  change  in  the  inhibitor-sensitive  fraction  to  the 
change  of  the  total  rate.  The  observed  inhibition  can  thus  either  increase 
or  decrease.  It  is  probably  more  common  for  the  inhibitor-resistant  frac- 
tion to  remain  at  a  constant  level  —  i.e.,  for  an  increase  in  over-all  rate,  n 
will  be  greater  than  m,  and  since  n  is  also  greater  than  r,  the  inhibition  will 
increase.  The  effect  in  any  case  will  depend  on  how  the  rate  is  changed, 
since  conceivably  any  relative  change  in  the  individual  fractions  is  possible. 

When  a  tissue  becomes  more  functionally  active,  the  metabolism  usually 
increases,  particularly  the  oxidative  and  phosphorylative  processes,  al- 
though synthetic  reactions  may  also  accelerate.  The  character  of  the  me- 
tabolism is  generally  modified  so  that  the  inhibitor-sensitive  and  inhibitor- 
resistant  portions  do  not  change  equally.  Consequently,  an  active  tissue  is 
often  inhibited  differently  than  a  relatively  resting  tissue,  as  has  been  dis- 
cussed in  Chapter  9.  The  inhibition  of  such  systems  may  be  said  to  depend 
on  the  over-all  metabolic  rates,  but  actually  it  is  dependent  on  the  pattern 
of  the  metabolism  and  not  directly  on  the  rate. 

It  has  been  frequently  stated  that  an  active  tissue  is  more  readily  in- 
hibited or  damaged  than  a  tissue  that  is  less  active.  However,  it  is  not 
entirely  related  to  the  level  of  activity  but  to  the  metabolic  requirements 
also.  If  a  tissue  needs  a  certain  rate  of  metabolism  to  maintain  a  specified 
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level  of  function,  an  inhibitor  will  depress  the  function  when  it  has  lowered 
the  metabolism  to  or  beyond  this  required  rate.  Therefore,  if  two  tissues 
require  the  same  metabolic  activity,  but  one  has  a  higher  metabolic  rate 
than  the  other,  it  will  be  more  difficult  to  depress  the  function  in  the  for- 
mer. In  a  way,  it  is  the  margin  of  safety  between  metabolic  sujDply  and 
demand  that  is  critical.  If  a  tissue  is  stimulated  to  greater  activity  and  its 
metabolism  does  not  increase  proportionally,  it  will  be  more  easily  in- 
hibited. The  ability  of  some  tissues  to  adapt  to  inhibition  in  various  ways 
can  modify  the  results  very  significantly. 

Florijn  and  Smits  (19J:9)  explained  the  relatively  selective  action  of  ure- 
thane  and  arsenite  on  tumor  tissue  by  making  two  assumptions:  (1)  tumor 
tissue  has  a  high  respiratory  rate  due  to  the  high  energy  requirement, 
whereas  normal  tissues  operate  much  below  the  maximal  metabolic  ca- 
pacity, and  (2)  a  certain  concentration  of  an  inhibitor  always  blocks  the 
same  fraction  of  the  inhibitor-sensitive  system.  Tumor  respiration  will 
thus  be  depressed  more  readily  than  normal  tissue  respiration;  in  the  lat- 
ter the  residual  portion  of  the  inhibitor-sensitive  systems  can  be  suffic- 
iently increased  to  maintain  the  original  respiratory  level.  In  other  words, 
normal  tissues  can  compensate  to  inhibition  by  their  reserve  capacity 
whereas  tumor  tissue  cannot. 

In  order  to  test  this  hypothesis,  studies  were  done  on  the  inhibition  of 
tissue 'respiration  and  yeast  fermentation  by  urethane  and  arsenite  (Florijn 
et  al.,  1950).  The  respiration  of  rat  liver  and  kidney  minces  was  varied  by 
changing  the  oxygen  tension  and  adding  2,4-dinitrophenol.  The  fermenta- 
tion rate  of  yeast  increases  with  time  in  the  presence  of  ammonium  sulfate 
and  the  inhibition  can  be  tested  during  varying  intervals.  The  inhibitions 
observed  at  these  different  metabolic  rates  are  shown  in  Fig.  15-28  and  it 
is  seen  that  the  effects  of  the  inhibitors  generally  increase  with  increasing 
rates.  It  was  felt  that  these  results  give  support  to  the  proposed  mechanism 
for  the  selective  action  of  the  two  inhibitors  on  tumor  tissue.  It  may  be 
noted  that  in  essentially  every  case,  even  though  the  inhibition  is  greater 
at  higher  metabolic  rates,  that  the  remaining  respiration  or  fermentation 
is  greater  than  at  low  metabolic  rates.  These  interesting  results  are  very 
difficult  to  interpret  with  assurance  because  it  is  not  known  in  what  way 
an  increase  in  oxygen  tension  will  alter  the  patterns  of  oxidative  or  fer- 
mentative metabolism.  If  it  is  assumed  that  the  arsenite  acts  principally 
on  the  keto  acid  dehydrogenases,  the  question  as  to  what  increased  oxygen 
tension  does  to  the  rates  of  the  processes  forming  and  utilizing  pyruvate 
and  «-ketoglutarate  is  posed.  Since  pyruvate  oxidation  in  mitochondrial 
suspensions  is  generally  accelerated  by  augmenting  the  oxygen  tension,  it 
might  be  supposed  that  in  pure  oxygen  the  tricarboxylic  acid  cycle  and 
the  oxidation  of  pyruvate  make  up  a  greater  fraction  of  the  total  respiration 
than  in  air,  and  thus  that  an  inhibitor,  such  as  arsenite,  that  blocked  py- 
ruvate  oxidation   would   be   more   effective.    However,    this   explanation 
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doesn't  hold  for  yeast  fermentation.  Indeed,  we  do  not  as  yet  know  suffi- 
ciently accurately  the  sites  of  action  of  these  two  inhibitors  to  enable  us  to 
visualize  a  mechanism.  It  may  be  confidently  predicted  that  when  different 
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Fig.   15-28.   Inhibitions   of  kidney  mince  respiration  and  yeast 

fermentation  by   urethane   and   arsenite  at  different  respiratory 

rates.  (From  Florijn  at  al.,  1950.) 


tissues,  different  metabolic  processes,  different  inhibitors,  and  different 
ways  of  altering  the  metabolism  are  investigated,  many  types  of  effects 
will  be  observed,  and  that  one  should  certainly  not  conclude  tliat  inhibition 
will  generally  increase  with  a  rising  metabolic  rate. 


CHAPTER  16 

SPECIFICITY  OF  INHIBITION 


Specificity  refers  in  general  to  the  ability  of  an  inhibitor  to  affect  one 
process  more  than  others.  This  concept  may  be  applied  to  any  level  of 
organization.  For  example,  the  specificity  may  refer  to  species,  tissues, 
different  functions,  metabolic  processes,  or  enzymes.  Many  instances  of 
species  specificity  are  known  and  they  are  treated  in  a  stimulating  manner 
by  Albert  in  his  "Selective  Toxicity"  (1960).  A  few  examples  will  serve  to 
illustrate  this  type  of  specificity:  the  suppression  or  killing  of  pathogenic 
organisms  with  minimal  effects  on  the  host  (as  the  selective  actions  of 
copper  and  the  dithiocarbamates  on  fungi  parasitic  to  plants),  the  killing 
of  certain  weeds  by  dinitro-o-cresol  while  leaving  crop  plants  unaffected, 
the  ability  of  urethane  and  certain  naphthoquinones  to  inhibit  tumor  cell 
growth  more  readily  than  the  growth  of  normal  cells,  and  the  selective 
effects  of  mercurials  and  arsenicals  on  bacterial  and  protozoal  invaders. 
Likewise,  there  are  many  examples  of  tissue  specificity.  The  effect  of  an 
inhibitor  when  it  is  administered  to  an  animal  is  always  selective  to  some 
extent,  inasmuch  as  certain  organs  or  functions  are  altered  before  others. 
Noteworthy  examples  would  1)e  the  remarkable  specificity  of  alloxan  on 
the  pancreatic  islet  cells,  the  renal  effects  of  the  carbonic  anhydrase  inhi- 
bitors and  the  mercurials,  and  the  central  nervous  system  changes  follow- 
ing fluoroacetate.  The  cholinest erase  and  monoamine  oxidase  inhibitors 
also  show  selective  effects  on  those  tissues  or  junctions  where  these  enzymes 
are  functionally  important  in  the  determination  of  the  neurohormone  con- 
centrations. Such  specificity  on  the  organism  or  cellular  level  has  been 
discussed  in  previous  chapters  in  several  connections,  so  that  in  the  present 
chapter  emphasis  will  be  placed  on  enzyme  specificity.  Much  of  species  and 
tissue  specificity  depends  on  the  differential  distribution  of  the  inhibitors 
and  the  presence  or  absence  of  the  enzymes  or  metabolic  systems  attacked. 
It  is  now  necessary  to  inquire  into  the  selective  actions  of  inhibitors  in 
situations  in  which  several  possibly  susceptible  enzymes  are  present  and 
the   inhibitors  are   at  uniform   concentrations. 

As  Albert  has  pointed  out,  specificity  of  metabolic  disturbance  is  well 
documented  and  yet  much  of  the  trend  during  the  past  decades  has  been 
to  demonstrate  a  fundamental  similarity  in  the  enzymes  and  metabolic 
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systems  of  all  cells.  It  is  true  that  most  of  the  basic  pathways  are  the  same 
in  different  types  of  cells  but  the  closer  one  looks  into  the  kinetics  and  the 
details  of  the  individual  steps,  the  greater  is  the  divergence.  The  basis 
of  selectivity  is  often  at  the  molecular  level  and  not  at  the  metabolic  or 
cellular  level.  The  chemical  composition  of  enzyme  active  centers,  the  topo- 
graphy of  enzyme  surfaces,  the  patterns  of  electrical  forces,  and  polariza- 
bilities  —  these  form  the  true  basis  for  enzyme  specificity  and  are  also 
responsible  for  much  specificity  on  higher  levels. 

Inhibitors  rarely  are  specific  for  a  single  enzyme.  Most  often  an  inhi- 
bitor will  act  upon  several  enzymes,  although  not,  of  course,  with  the  same 
potency.  If  an  inhibitor  is  to  be  used  as  a  tool  to  investigate  the  relations 
between  certain  enzymes  or  pathways  and  the  function  of  a  cell  or  tissue, 
the  question  of  specificity  is  of  the  utmost  importance.  The  more  specific 
the  inhibitor,  the  more  valuable  will  it  be  to  the  investigator.  Although 
inhibitors  are  seldom  specific,  they  may  often  be  used  in  a  manner  so  that 
a  specific  action  is  exerted  or,  at  least,  the  maximal  specificity  obtained. 
Theoretically,  if  one  knew  the  action,  or  lack  of  action,  of  an  inhibitor  on 
every  enzyme  involved  in  the  system  studied,  including  each  particular 
Ki,  one  could  predict  the  specificity  at  any  concentration  of  the  inhibitor. 
This  would  be  true  in  relatively  simple  systems,  but  in  studies  on  the  cell 
or  whole  animals,  the  many  factors  discussed  previously  interfere  with 
the  knowledge  of  exactly  what  the  inhibitor  is  doing.  That  is,  if  one  knew 
from  isolated  enzyme  work  the  K^  of  the  inhibitor  for  each  susceptible 
enzyme,  still  in  cellular  work  there  would  be  elements  of  uncertainty  due 
to  concentration  factors,  unknown  intracellular  substrate  concentrations, 
altered  enzyme  environments,  and  other  difficulties.  Nevertheless,  one 
should  always  attempt  to  reach  the  ideal  of  high  specificity.  One  of  the 
things  that  stands  between  us  and  such  a  goal  is  the  ignorance  of  the  com- 
plete spectrum  of  action  of  any  inhibitor,  and,  indeed,  for  most  inhibitors 
we  know  regrettably  little  of  their  ranges  of  action. 

Many  investigators  appear  to  look  upon  certain  inhibitors  as  quite  spe- 
cific for  designated  enzymes  or  metabolic  pathways;  for  example,  they 
believe  iodoacetate  inhibits  glycolysis  only,  or  fluoride  only  enolase,  or 
arsenicals  only  keto  acid  oxidases,  and  so  on.  This  arises  in  part  from  an 
understandable  wish  for  simplicity,  in  part  from  unjustifiable  statements 
made  repeatedly  so  that  eventually  they  come  to  be  looked  on  as  true, 
and  in  part  from  inusfficient  knowledge  of  the  inhibitor's  range  of  action. 
If  only  a  few  enzymes  have  been  studied  with  a  particular  inhibitor,  it  is 
evident  that  the  specificity  in  this  limited  sphere  is  apt  to  be  high.  This 
important  fact  is  well  stated  in  Davenport's  law:  "The  specificity  of  an 
inhibitor  is  inversely  proportional  to  how  much  is  known  about  it,"  (ver- 
bal communication).  Here  is  meant  the  apparent  specificity  because  there 
is  an  absolute  specificity  that  is  untouched  by  experimental  or  mental  de- 
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ficiencies.  Another  way  of  stating  the  problem  is  that  the  apparent  speci- 
ficity is  always  greater  than  the  absolute  specificity.  However,  the  more 
we  know  about  the  actions  of  an  inhibitor,  the  more  able  are  we  to  use  it 
properly  and  to  achieve  true  specificity  if  this  is  possible.  The  subject  of 
specificity  has  been  a  very  neglected  aspect  of  inhibition  and  the  attempt 
will  be  made  in  this  chapter  to  i)ut  specificity  on  a  simple  quantitative  basis 
that  may  be  a  steppingstone  for  the  more  detailed  analyses  that  will 
undoubtedly  be  made  in  the  future. 

Definition   of  Enzyme   Specificity  of  Inhibition 

It  is  necessary  to  express  the  specificity  in  some  definite  way  if  the 
phenomenon  is  to  be  amenable  to  quantitative  treatment.  This  is  difficult 
to  do  in  a  completely  satisfactory  manner.  The  most  important  element  in 
specificity  is  the  difference  in  the  inhibitions  produced  by  a  concentration 
of  a  inhibitor  on  two  enzymes,  and  this  we  can  express  simply  as: 

a  =  ii  —  ii  (16-1) 

where  o  is  the  specificity,  ^\  is  the  inhibition  on  the  enzyme  of  interest, 
and  *2  is  the  inhibition  on  a  second  enzyme.  For  absolute  specificity,  cr  =  1, 
and  complete  inhibition  of  one  enzyme  may  be  achieved  without  any  inhi- 
bition of  the  other;  partial  specificity  occurs  when  o  <  \  and  there  will 
be  some  overlap  in  the  inhibitions  of  the  two  enzymes.  The  sioecificity  as 
thus  defined  will  generally  depend  on  the  concentration  of  the  inhibitor. 

This  definition  of  specificity  is  not  entirely  applicable  to  all  situations 
because  it  omits  the  other  factor  that  is  important  in  the  practical  use 
of  an  inhibitor,  namely  the  requirements  with  regard  to  the  absolute 
levels  of  the  inhibitions.  As  an  example  we  may  take  a  case  in  which  the 
specificity  is  designated  as  0.7.  Now  this  degree  of  specificity  could  occur 
with  ij  =  1.0  and  i.^  =  0.3,  or  ?\  =  0.9  and  ^2  =  0.2,  or  i^  =  0.8  and  i^  = 
0.1,  or  t'l  =  0.7  and  rg  =  0-  Which  set  of  values  would  be  appropriate  for 
a  particular  situation?  In  some  cases,  it  is  more  important  to  inhibit  the 
enzyme  being  studied  completely,  even  though  the  other  enzyme  is  inhi- 
bited to  some  extent,  and  in  other  cases,  it  is  more  important  that  the  sec- 
ond enzyme  is  not  inhibited  at  all.  Thus  a  determined  specificity  does  not 
immediately  tell  one  the  correct  inhibitor  concentration  to  use,  but  does 
provide  limits. 

Let  us  first  consider  two  enzymes  inhibited  noncompetitively,  for  which 
the  individual  inhibitions  may  be  written  as: 

''  =  (i)T^  ''  =  (i)T^  ^''-'^ 
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For  the  enzymes  to  be  inhibited  to  specified  degrees  by  a  certain  concen- 
tration of  the  inhibitor,  the  ratio  of  the  inhibitor  constants  is  given  by: 

Ki„        iA\  —  io) 
-~  =  ~ 4  (16-3) 

A  few  selected  results  are  shown  in  Table  16-1,  from  which  it  may  be  seen 
that  the  requirements  for  differential  sensitivity  of  the  two  enzymes  depend 
not  only  on  the  specificity,  a,  but  on  the  absolute  values  of  the  inhibitions. 
It  may  also  be  noted  that  a  very  large  difference  between  inhibitor  constants 
is  required  if  a  high  specificity  is  to  be  achieved;  for  example,  to  inhibit 
El  almost  completely  without  inhibiting  E2  appreciably,  Kj  must  be  about 
ten-thousand  times  as  large  as  ^^  ,  or  the  pK/s  must  differ  by  approximately 
four  units.  Finally,  it  is  seen  that  if  Ej  is  to  be  inhibited  only  50%  without 
significantly  affecting  E2,  Kj  must  be  about  a  hundred  times  as  large  as 
Kj  ,  so  that  even  to  get  a  low  inhibition  specifically  requires  an  appreciable 
difference  in  the  affinities  of  the  inhibitor  for  the  two  enzymes  (actually 
around  2.83  kcal/mole).  Conversely,  it  is  evident  that  if  the  K^s  do  not 
differ  by  more  than  a  factor  of  10,  it  is  impossible  to  obtain  any  i^ractically 
useful  degree  of  specificity.  These  considerations  serve  to  set  some  kind  of 
limits  to  the  specificity  one  may  achieve  in  the  simplest  type  of  enzyme 
inhibition. 

The  Maximal  Specificity  for  an  Inhibitor  and  Two  Enzymes 

The  specificity  will  vary  with  the  concentration  of  the  inhibitor  so  that 
it  is  frequently  useful  to  know  the  concentration  which  will  give  the  max- 
imal degree  of  specificity.  From  Eqs.  16-1  and  16-2,  the  specificity  for 
noncompetitive  inhibition  is: 

(I)  (I) 


(I)  +  K,^        (I)  -1-  K, 
Differentiating  and  setting  equal  to  zero: 

da  K,-  K. 


(16-4) 


=  0  (16-5) 


d{l)         [(I)  +  Z,  J^        [(I)  +  K^J 
so  that  the  inhibitor  concentration  for  maximal  specificity  is  given  by: 

ah=,na.    =    V1[~K~  (16-6) 

Substituting  this  value  of  (I)  back  in  Eq.  16-4  gives  the  maximal  speci- 
ficity that  may  be  obtained: 


V  X,.  +  V  K,, 
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Table  16-1 

Ratios  of  the  Inhibitor  Coxstaxts  Required  for  Certain  Degrees 
OF  Specificity  and  Individual  Inhibitions 


h 

i2 

a 

K,JK,^ 

0.99 

0.01 

0.98 

9801 

0.99 

0.05 

0.94 

1881 

0.99 

0.10 

0.89 

891 

0.99 

0.20 

0.79 

396 

0.99 

0.30 

0.69 

231 

0.95 

0.01 

0.94 

1881 

0.95 

0.05 

0.90 

361 

0.95 

0.10 

0.85 

171 

0.95 

0.15 

0.80 

108 

0.95 

0.20 

0.75 

76 

0.95 

0.25 

0.70 

57 

0.95 

0.30 

0.65 

44 

0.95 

0.50 

0.45 

19 

0.90 

0.05 

0.85 

171 

0.90 

0.10 

0.80 

81 

0.90 

0.20 

0.70 

36 

0.90 

0.50 

0.40 

9 

0.80 

0.05 

0.75 

76 

0.80 

0.10 

0.70 

36 

0.80 

0.20 

0.60 

16 

0.70 

0.05 

0.65 

44 

0.70 

0.10 

0.60 

21 

0.70 

0.20 

0.50 

9 

0.50 

0.01 

0.49 

99 

0.50 

0.05 

0.45 

19 

0.50 

0.10 

0.40 

9 

0.50 

0.20 

0.30 

4 

Finally,  if  we  desire  to  know  the  ratio  of  the  inhibitor  constants  that  is 
necessary  to  obtain  a  designated  maximal  specificity,  by  rearranging  Eq. 
16-7: 


K,, 


1 


(16-8) 


868  16.    SPECIFICITY    OF    INHIBITION 

The  relationship  between  this  ratio  and  the  maximal  specificity  is  illus- 
trated in  Fig.  16-1.  The  maximal  specificity  is  a  characteristic  of  the  sys- 
tem —  that  is,  of  the  inhibitor  and  the  enzymes  involved  —  and  is  not 
dependent  on  the  inhibitor  concentration. 


000 


Fig.  16-1.   Variation   of  the  maximal  specificity  possible  with  the  ratio  Xj  jK^ 

(Eq.   16-7). 


The  individual  inhibition  curves  for  a  situation  in  which  K;  IK,   =  100 
are  shown  in  Fig.  16-2  and  the  variation  of  the  specificity  with  the  inhi- 


FiG.   16-2.  Noncompetitive  inhibition  curves  for  two  enzymes  showing  the  var- 
iation of  specificity  with  the  inhibitor  concentration.  A',  =  1  \\\M  and  A/  =  100 
\\\M.  The  maximal  specificity  is  0.818  when  (I)  =  10  niM. 
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bitor  concentration  in  Fig.  16-3.  As  pointed  out  above,  it  is  not  always 
advisable  to  use  the  concentration  of  the  inhibitor  giving  maximal  speci- 
ficity. In  the  situation  chosen  for  illustration,  a  specificity  of  0.7  or  greater 
may  be  obtained  over  a  range  of  inhibitor  concentration  from  2.7  raM 
to  37  mM  (see  Fig.  16-3).  At  the  former  concentration  t^  =  0.73  and  i^  = 
0.03  while  at  the  latter  concentration  i^  =  0.97  and  ^2  =  0.27.  Either  con- 
centration or  the  concentration  giving  maximal  specificity  may  be  expe- 
rimentally optimal,  depending  on  the  systems  being  tested  and  the  purpose 
of  the  investigation.  As  a  general  rule,  it  is  perhaps  best  to  work  at  the 
lower  end  of  the  inhibitor  concentration  range  in  order  that  the  inhibition 


Fig.   16-3.  Variation  of  the  specificity  with  the  inhibitor  concentration  for  the 
case  shown  in  Fig.   16-2. 

on  the  second  enzyme  be  minimal.  It  is  not  always  necessary  for  the  enzyme 
that  is  being  studied  to  be  inhibited  strongly  and  correlations  between  the 
enzyme  and  some  cell  metabolism  or  function  may  often  be  made  with 
inhibitions  less  than  50%. 

Inhibitions  Involving  Three  or  More  Enzymes 

Many  systems  commonly  studied  may  contain  several  enzymes  whose 
susceptibilities  to  the  inhibitor  must  be  considered.  The  use  of  inhibitors  on 
the  tricarboxylic  acid  cycle  in  mitochondrial  suspensions,  for  example,  im- 
pels one  to  take  into  account  at  least  a  dozen  possible  inhibition  sites, 
unless  the  conditions  are  such  that  only  a  fraction  of  the  cycle  is  being 
studied.  In  structurally  organized  multienzyme  systems,  there  are  usually 
more  possibilities  for  inhibition  than  the  number  of  enzymes  involved,  be- 
cause the  inhibitor  may  alter  spatial  relationships  between  enzymes  by  a 
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modification  of  the  structure,  as  well  as  react  with  coenzymes  or  cofactors. 
With  respect  to  the  enzymes  themselves,  the  specificity  in  systems  contain- 
ing three  or  more  enzymes  may  be  treated  by  an  extension  of  the  formu- 
lation given  in  the  preceding  section.  The  over-all  specificity  may  be  de- 
signated by  a  series  of  individual  specificities:  0^2  =  h  —  h^  ^^la  —  h  ~  h^ 
etc.  A  situation  such  as  shown  in  Fig.  16-4  might  occur,  in  which  five  differ- 
ent enzymes  are  inhibited  to  varying  degrees  by  an  inhibitor.  The  problem 
arises  as  to  the  optimal  inhibitor  concentration  to  use.  This  cannot  be 
decided  by  simply  inspecting  a  diagram  of  this  type,  because  consideration 
must  also  be  given  to  the  importance  of  the  various  enzymes  in  what  is 


Fig.   16-4.  Inhibition-concentration  curves  for  a  system 

of  hypothetical  enzymes,  Ej  to  E5.   See  the   text  for 

explanation. 


being  measured.  The  concentration  (1)2  will  give  the  maximal  specificity 
for  inhibitions  of  E^  and  Eg  and  if  Eg  is  an  important  enzyme  in  the  study, 
inhibitor  concentrations  above  this  cannot  be  readily  used;  however,  if 
E2  can  be  neglected  due  to  its  obvious  nonparticipation  in  the  system  being 
investigated,  the  specificity  at  this  concentration  will  increase.  If  both 
E2  and  E3  may  be  neglected,  inhibitor  concentrations  up  to  (1)3  may  be 
used,  which  gives  the  maximal  specificity  for  inhibition  on  E^  and  E4. 
If  the  role  of  the  enzymes  in  the  process  beng  measured  in  unknown,  a 
concentration  around  (I)i  might  well  be  used  for  the  most  certain  interpre- 
tation of  the  data.  Lastly,  if  the  concentration  (1)4  had  been  used  arbitrarily, 
or  simply  because  it  completely  inhibited  E^,  one  can  see  that  Eg  and  E3 
would  also  be  strongly  inhibited,  while  E4  would  be  partially  inhibited, 
so  that  no  clear  interpretation  would  be  possible.  Actually,  it  would  appear 
that  such  high  concentrations  are  frequently  used  in  complex  systems  and 
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a  good  many  of  the  conclusions  reached  from  work  of  this  nature  will  have 
to  be  re-evaluated  in  the  light  of  more  extensive  knowledge  of  enzyme 
susceptibility.  In  the  future  volumes  covering  the  individual  inhibitors, 
every  effort  will  be  made  to  present  complete  surveys  of  all  the  enzymes 
tested  so  that  the  specificities  through  the  concentration  ranges  may  be 
estimated. 

Specificity  in  Competitive  Inhibitions 

If  one  or  more  of  the  enzymes  is  inhibited  competitively,  the  treatment 
must  be  modified  by  the  introduction  of  the  {1  +  [(S)/^^]}  term  in  the 
denominator  of  the  expression  for  the  inhibition.  Since  the  magnitude  of 
this  term  will  usually  vary  from  enzyme  to  enzyme,  the  degree  of  specificity 
now  depends  on  K,  and  (S)  as  well  as  on  Kj  and  (I).  In  those  multienzyme 
systems  in  which  the  concentrations  of  the  intermediates  may  vary  follow- 
ing inhibition,  the  final  specificity  will  depend  on  the  degrees  to  which  the 
concentrations  of  competing  substrates  can  rise.  In  other  words,  from  the 
relative  values  of  the  K/s  it  might  be  predicted  that  adequate  specificity 
would  be  achieved,  but  if  the  concentration  of  the  substrate  acted  upon  by 
the  enzyme  being  studied  can  rise  sufficiently  to  reduce  the  inhibition, 
the  actual  specificity  may  be  quite  low. 

Specificity  in   Intracellular  Inhibitions 

The  possibility  of  achieving  a  specific  inhibition  in  cells  or  tissues  is 
much  less  than  in  cell  extracts  or  enzyme  preparations,  due  not  only  to 
the  greater  number  of  opportunities  for  inhibition  but  also  to  our  lack  of 
knowledge  as  to  intracellular  conditions  and  the  behavior  of  inhibitors 
within  cells.  We  have  seen  that  the  inhibitor  concentration  is  an  important 
factor  in  the  determination  of  the  si^ecificity.  The  intracellular  concentra- 
tion of  an  inhibitor  is  usually  not  known  so  that  it  is  difficult  to  evaluate 
the  specificity  even  when  the  in  vitro  actions  of  the  inhibitor  on  many  en- 
zymes are  known.  Since  the  inhibitor  concentration  in  the  cells  may  be 
either  higher  or  lower  than  outside,  the  intracellular  specificity  may  be 
greater  or  less  than  determined  on  isolated  enzymes. 

The  specificity  can  be  altered  by  any  factors  that  affect  the  individual 
inhibitions,  so  that  pH,  temperature,  ionic  strength,  and  similar  variables 
can  introduce  further  complications.  Unless  the  in  vitro  inhibitions  are 
determined  at  intracellular  pH,  the  specificities  in  the  cell  may  be  signifi- 
cantly different  than  predicted.  Indeed,  it  has  been  emphasized  that  the 
susceptibilities  of  enzj^mes  to  inhibitors  may  be  quite  different  depending 
on  whether  the  enzyme  has  been  isolated  and  is  in  an  artificial  medium  or 
is  in  its  natural  environment  within  the  cell.  One  further  factor  is  in  some 
cases  very  important:  the  specificity  may  vary  with  the  time  after  intro- 
duction of  the  inhibitor.  In  the  first  place,  some  enzymes  are  inhibited 
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more  rapidly  than  others,  particularly  when  the  inhibitor  chemically  reacts 
with  the  enzymes.  Thus,  during  the  initial  stages  an  inhibitor  such  as 
j)-chloromercuribenzoate  may  possible  act  specifically  on  a  certain  enzyme, 
whereas  later  a  progressively  increasing  number  of  enzymes  may  be  inac- 
tivated. In  the  second  place,  an  initially  selective  inhibition  may  give  rise 
to  many  types  of  secondary  changes  that  may  be  confused  with  the  primary 
inhibition.  Specificity  for  practical  purposes  may  be  considered  as  refer- 
ring to  any  secondary  or  subsidiary  effects  of  an  inhibitor,  and  not  merely 
to  the  differential  actions  on  enzymes. 

Bearing  in  mind  these  difficulties  inherent  in  studies  on  cellular  pre- 
parations, it  is  now  necessary  to  say  a  word  about  the  basic  problem 
that  confronts  one  in  attempting  to  achieve  specificity  —  what  range  of 
inhibitor  concentrations  is  optimal?  The  following  suggestions  may  be  of- 
fered in  the  approach  to  a  solution  of  this  problem. 

(A)  The  first  thing  that  must  be  done  is  to  determine  as  accurately 
as  jpossible  the  sensitivities  of  all  pertinent  enzymes.  Often  much  can  be 
obtained  from  the  literature  but  in  most  cases  the  enzymes  tested  are  from 
a  variety  of  tissues  and  species  so  that  the  data  do  not  necessarily  apply 
to  the  problem  at  hand.  Therefore,  the  enzyme  or  the  metabolic  system  to 
be  attacked  should  be  studied  in  as  pure  a  form  as  possible,  and  a  concen- 
tration-action curve  constructed.  All  other  enzymes  or  related  reactions 
should  be  tested  in  a  similar  manner  as  far  as  is  practicable.  If  the  reac- 
tions and  inhibitions  can  be  studied  directly  in  the  cells,  this  will  be  ideal, 
but  is  seldom  possible.  If  such  studies  can  be  done,  at  least  one  knows  the 
effects  to  be  expected  at  any  concentration.  Of  course,  it  is  always  impossible 
to  test  all  the  enzymes  or  metabolic  pathways,  so  there  is  inevitably  an 
element  of  uncertainty,  but  without  such  preliminary  investigation  there 
is  almost  complete  uncertainty.  It  is  worth  empliasizing  that  these  deter- 
minations should  be  made  on  enzymes  and  systems  from  the  same  tissue 
and  species  in  which  the  specific  inhibition  is  desired,  because  there  are  many 
examples  of  enzymes  whose  susceptibilities  to  inhibitors  vary  greatly  with 
the  source. 

(B)  One  should  either  know  or  make  a  reasonable  estimate  of  the  intra- 
cellular pH  so  that  the  in  vitro  studies  can  be  as  comparable  to  the  proto- 
plasmic conditions  as  iDossible.  Many  enzymes  are  tested  at  their  optimal 
pH's  rather  than  at  physiological  pH's;  here  we  are  not  interested  in  the 
behavior  of  the  enzymes  when  they  are  most  active  but  in  their  relative 
behavior   under   constant   conditions. 

(C)  Consideration  should  be  given  to  the  properties  of  the  inhibitor 
that  determine  its  distribution  between  the  cells  and  the  medium.  It  is  oc- 
casionally possible  to  make  an  approximate  prediction  of  the  ratio  of  the 
intracellular  to  the  extracellular  inhibitor  concentrations,  based  on  the 
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differences  in  pH  and  the  acidic  or  basic  nature  of  the  inhibitor.  In  other 
cases  it  may  be  worthwhile  to  analyze  for  the  inhibitor  within  the  cells. 
With  inhibitors  that  penetrate  through  the  f)lasma  membrane  slowly,  it  is 
necessary  to  i^rovide  enough  time  for  equilibrium  to  occur. 

{D)  The  lowest  concentrations  of  the  inhibitor  to  produce  significant 
effects  should  be  used  rather  than  concentrations  aimed  at  nearly  complete 
inhibition.  It  is  also  of  value  to  construct  a  concentration-action  curve 
for  the  cellular  inhibition  and  not  use  only  a  single  concentration  of  the 
inhibitor,  particularly  if  correlations  between  enzyme  inhibition  and  func- 
tional disturbance  are  sought. 

One  can  seldom  be  absolutely  certain  of  specificity  in  cellular  studies 
but  every  effort  should  be  made  to  approach  this  goal. 

Use  of  Two  or  More  Inhibitors  to  Improve  the  Specificity 

There  are  two  general  ways  by  which  the  judicious  use  of  additional  in- 
hibitors may  increase  the  siDecificity  of  the  primary  inhibitor.  The  first 
way  is  limited  to  certain  types  of  systems.  It  is  to  use  a  second  inhibitor 
for  the  purpose  of  blocking  an  interfering  reaction.  For  example,  in  the 
study  of  the  inhibition  of  a-ketoglutarate  oxidation,  malonate  may  be  add- 
ed to  block  the  further  oxidation  of  the  succinate  formed  from  the  a-keto- 
glutarate, and  in  this  way  the  first  reaction  can  be  in  a  way  isolated  and  any 
effects  of  the  inhibitor  being  tested  must  be  on  the  a-ketoglutarate  oxidase. 
In  the  same  way,  the  inhibition  of  certain  anaerobic  processes  can  be  in- 
vestigated during  a  block  of  the  oxidative  reactions  with  cyanide.  By  this 
technique  the  inhibitor  is  not  made  more  specific  but  the  range  of  systems 
on  which  it  can  act  is  reduced. 

The  other  use  of  two  or  more  inhibitors  is  more  general  and  theoretically 
could  be  used  to  improve  any  specificity.  This  has  already  been  men- 
tioned in  Chapter  10  where  the  actions  of  multiple  inhibitors  were  treated. 
If  two  inhibitors  act  on  one  enzyme  but  their  further  inhibitions  are  on 
different  enzymes,  the  use  of  them  together  will  increase  the  specificity 
with  respect  to  any  of  these  other  enzymes.  Put  simply,  if  I^  acts  on  E^ 
and  E2  whereas  I2  acts  on  E^  and  Eg,  I^  +  I2  will  inhibit  E^  more  potently 
without  inhibiting  E2  or  Eg  more  than  with  the  single  inhibitors.  This  is 
the  principle  on  which  drug  combinations  are  used  in  medicine  with  the  pur- 
pose of  increasing  the  beneficial  actions  while  decreasing  the  side  effects. 
We  shall  now  investigate  the  conditions  under  which  such  a  combination  of 
inhibitors  can  give  significant  improvement  in  the  specificity  and  determine 
the  proper  concentrations  of  each  inhibitor  to  use. 

The  various  inhibitions  for  a  system  of  two  enzymes  and  two  inhibitors 
of  the  type  described  above  may  be  written  as  follows. 
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Inhibition  of  Ii  on  Eg:  in    =  -^r- — ^--^ —  (16-9) 

(li)  +  A,„ 

Inhibition  of  I,  on  E,:  i,^    =  -^j^- — ~ —  (16-10) 

(li)  +  Ki^^ 

Inhibition  of  la  on  Ej:  tji    =  ~z ^-— —  (16-11) 


Inhibition  of  Ij  on  E3:  I'as    =  ^^.^t ^^ —  (16-12) 

(la)    +  Ae33 

Inhibition  of  I,  and  L  on  E,:    ^^,,  =  ^^'".^^^i.  tf^'",^^'l^     .t  T  d^-lS) 

where  the  first  subscripts  refer  to  the  inhibitor  and  the  last  subscripts  to 
the  enzyme.  This  applies  to  noncompetitive  inhibition  but  the  results  will 
be  applicable  in  principle  to  competitive  inhibition  as  well.  To  facilitate 
discussion  and  interpretation  we  shall  assume  the  following  values  for  the 
inhibition  constants:  K,     =  0.3  mM;  K,     =  3  mM;  K:    =  1  mM;  K^    = 

'11  _  '12  _  '21    _  '23 

5  m.M.  The  results  are  not  readily  plotted  in  two  dimensions  and  thus  the 
general  behavior  of  the  system  is  shown  in  Table  16-2,  where  the  inhibitions 
produced  by  each  inhibitor  alone  and  by  them  acting  together  have  been 
calculated.  The  specificities,  as  defined  by  Eq.  16-1,  are  also  shown.  It  may 
be  noted  first  that  certain  combinations  of  the  two  inhibitors  will  produce 
a  greater  inhibition  on  E^  compared  to  the  single  inhibitors,  with  no  increase 
in  the  inhibitions  on  Eg  and  Eg.  In  other  words,  the  specificity  may  be  in- 
creased significantly.  It  is  also  evident  that  high  concentrations  of  each 
inhibitor  when  they  are  used  together  will  decrease  the  specificity  in  the 
sense  that  both  E2  and  E3  may  be  strongly  inhibited.  It  is  of  some  impor- 
tance, therefore,  to  inquire  into  optimal  concentrations  for  inhibitor  com- 
binations. The  best  concentrations  to  be  used  will  depend  in  any  case  on 
what  type  of  effect  is  desired.  Three  general  situations  may  be  visualized: 
(rt)  it  is  desired  to  inhibit  E^  to  a  certain  degree  with  minimal  inhibitions 
on  E.,  and  E3,  {h)  it  is  desired  to  inhibit  E^  maximally  with  certain  limits 
placed  on  the  inhibitions  of  E2  and  Eg,  or  (0)  it  is  desired  to  achieve  the 
maximal  specificity. 

If  it  is  required  to  inhibit  E^  to  the  extent  of  i-^^i^  rearrangement  of 
Eq.  16-13  gives  the  relationship  between  (IJ  and  (L). 
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Thus,  if  the  inhibition  on  Ej  must  be  50%,  (I/)  =  (I2')  =  1,  i.e.,  the  sum 
of  the  specific  concentrations  of  the  two  inhibitors  with  respect  to  E^  must 
be  unity.  (Ij)  and  (Ig)  must  now  be  chosen  so  that  this  equation  is  obeyed 

Table  16-2 
Specificities  of  Ixhibition  by  Two  Ixhibitors  on  a  Three-Enzyme  System  " 


Inhibition  on 


dl) 

(mil/) 

(I2) 

(milf) 

E, 

E, 

E, 

(^12 

(^13 

0.1 

0 

0.25 

0.03 

0 

0.22 

0.25 

0.3 

0 

0.50 

0.09 

0 

0.41 

0.50 

0.6 

0 

0.67 

0.17 

0 

0.50 

0.67 

1.0 

0 

0.77 

0.25 

0 

0.52 

0.77 

3.0 

0 

0.91 

0.50 

0 

0.41 

0.91 

6.0 

0 

0.95 

0.67 

0 

0.28 

0.95 

10.0 

0 

0.97 

0.77 

0 

0.20 

0.97 

30.0 

0 

0.99 

0.91 

0 

0.08 

0.99 

0 

0.1 

0.09 

0 

0.02 

0.09 

0.07 

0 

0.3 

0.23 

0 

0.06 

0.23 

0.17 

0 

0.6 

0.37 

0 

0.11 

0.37 

0.26 

0 

1.0 

0.50 

0 

0.17 

0.50 

0.33 

0 

3.0 

0.75 

0 

0.37 

0.75 

0.38 

0 

6.0 

0.86 

0 

0.54 

0.86 

0.32 

0 

10.0 

0.91 

0 

0.67 

0.91 

0.24 

0 

30.0 

0.97 

0 

0.86 

0.97 

0.11 

0.1 

0.3 

0.39 

0.03 

0.06 

0.36 

0.33 

0.1 

0.6 

0.48 

0.03 

0.11 

0.45 

0.37 

0.1 

1.0 

0.57 

0.03 

0.17 

0.54 

0.40 

0.3 

0.3 

0.56 

0.09 

0.06 

0.47 

0.50 

0.3 

0.6 

0.61 

0.09 

0.11 

0.52 

0.50 

0.3 

1.0 

0.67 

0.09 

0.17 

0.58 

0.50 

0.6 

0.3 

0.70 

0.17 

0.06 

0.53 

0.64 

0.6 

0.6 

0.72 

0.17 

0.11 

0.55 

0.61 

0.6 

1.0 

0.75 

0.17 

0.17 

0.58 

0.08 

1.0 

0.6 

0.80 

0.25 

0.11 

0.55 

0.69 

1.0 

1.0 

0.81 

0.25 

0.17 

0.56 

0.64 

1.0 

3.0 

0.86 

0.25 

0.37 

0.61 

0.49 

"  The  assumed  values  of  the  inhibitor  constants  are:  A',     =  0.3  \\\M,  K,     -^  3  mM, 

'11  '12 

Kj     =  1  mM,  and  K^     =  5  vall.  0^2  is  the  specificity  with  respect  to  E2  and  0^3 
with  respect  to  E3. 
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and  the  inhibitions  on  Eg  and  E3  are  minimal.  Setting  %2  =^  ^23  it  is  found 
that  the  inhibitor  concentrations  must  be: 

'11        '23  h2        '21 

Substituting  the  numerical  values  for  the  inhibitor  constants:  (I^)  =  0.20 
mM;  (I2)  =  0.33  mM;  i^^^  =  0.50;  i^^  =  0.0625;  i^^  =  0.0625.  If  the  inhi- 
bitors are  used  singly  to  inhibit  E^  by  50%,  (I^)  must  be  0.30  mM  and  (Ig) 
must  be  1  mM,  the  inhibitions  on  E2  and  E3  being  9.1%  and  16.7%  res- 
pectively, so  that  the  combination  has  improved  the  specificity  signi- 
ficantly. 

If  it  is  now  desired  that  the  inhibitions  on  Eg  and  E3  do  not  exceed 
10%  and  the  inhibition  on  E^  be  maximal,  we  may  set  (I^)  =  0.11  K^ 
and  (I2)  =0.11  K,^^.  In  the  example  chosen,  (I^)  =  0.33  mM  and  (Ig)  = 
0.55  mM,  so  that  this  combination  of  inhibitors  would  inhibit  E^  by  62.5%. 
To  achieve  this  degree  of  inhibition  on  E^  with  the  inhibitors  singly,  the 
inhibitions  on  the  other  enzymes  would  be  much  higher  than  10%. 

Finally,  if  maximal  specificity  is  desired,  independent  of  the  absolute 
values  of  the  individual  inhibitions,  reference  to  Table  16-2  shows  that  the 
maximal  specificity  between  E^  and  Eg,  0^2.  =  0.52,  and  between  E^  and 
E3,  o'j3  =  0.38,  when  the  inhibitors  are  used  singly.  However,  combinations 
can  increase  both  specificities,  a-^^  fo  as  much  as  0.61  and  0-13  to  as  much  as 
0.69,  but  not  simultaneously.  If  the  maximal  specificity  with  respect  to 
Eg  is  desired,  some  sacrifice  in  the  specificity  towards  E3  must  be  made, 
and  vice  versa.  The  actual  combination  chosen  will  depend  on  the  nature 
of  the  work  and  the  relative  importance  of  the  subsidiary  enzymes  in  the 
system  being  studied. 

This  approach  may  be  readily  extended  to  combinations  of  three  or  more 
inhibitors  and  even  greater  specificity  may  often  be  achieved.  It  may  also 
be  applied  to  inhibitions  on  multienzyme  systems  or  metabolic  sequences, 
but  here  it  is  difficult  to  express  the  relationships  quantitatively  and 
predict  the  optimal  inhibitor  concentrations.  For  example,  if  one  wished 
to  inhibit  the  glycolytic  pathway  with  minimal  inhibition  on  the  tricarbox- 
ylic acid  cycle,  it  might  be  possible  to  achieve  greater  specificity  with  a 
combination  of  iodoacetate,  fluoride,  and  a  glucose  analog  than  with  any 
single  inhibitor,  but  the  determination  of  the  proper  concentrations  to  use 
would  depend  on  accurate  experimental  data  using  the  inhibitors  alone. 
It  is  worth  repeating  that  in  studies  attempting  to  correlate  some  cellular 
function  with  a  particular  enzyme  or  metabolic  process,  it  is  generally 
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advisable  to  use  the  lowest  inhibitor  concentrations  commensurate  with 
adequate  effects  on  this  enzyme  or  metabolic  process.  If  another  enzyme  or 
sequence  is  inhibited  only  10-20%,  it  makes  any  interpretation  unreliable. 

Examples  of  Specificity  and   Lack  of  Specificity 

Certain  inhibitors  are  really  not  specific  at  all  in  the  general  sense: 
mercurials,  arsenate,  fluoride,  chelating  agents,  heavy  metal  ions,  protein 
reactants  such  as  diisopropylfluorophosphate,  iodoacetate,  and  others 
inhibit  many  systems.  Nevertheless,  under  some  cenditions,  especially  in 
enzyme  extracts  where  the  number  of  significant  enzymes  is  not  great,  such 
inhibitors  may  be  used  to  exert  a  specific  effect.  In  work  with  cells  or  tis- 
sues, good  specificity  is  difficult  or  impossible  to  achieve.  Other  inhibitors 
may  be  reasonably  specific:  the  monoamine  oxidase  inhibitors,  certain 
types  of  cholinesterase  inhibitors,  fluoracetate,  anti-enzym.es,  and  some 
substrate  analogs  if  used  properly  can  be  specific  even  in  cellular  prepa- 
rations. Inasmuch  as  there  are  very  few  complete  summaries  of  inhibition 
spectra  available,  every  effort  will  be  made  in  the  succeeding  volumes  to 
present  all  the  known  actions  of  each  inhibitor  so  that  evaluations  of  spe- 
cificity may  be  more  readily  made. 

It  is  frequently  assumed,  for  example,  that  iodoacetate  inhibits  specifi- 
cally the  glyceraldehyde  dehydrogenase  and  ~  can  block,  the  glycolytic 
pathway  selectively.  Yet  a  survey  of  the  literature  reveals  that  iodoacetate 
can  significantly  inhibit  at  least  55  enzymes  at  a  concentration  of  1  mM 
or  below  and,  of  course,  not  all  the  enzymes  have  been  tested.  Likewise 
trivalent  arsenicals  are  often  considered  to  block  the  oxidation  of  keto 
acids  selectively,  but  again  the  literature  shows  at  least  52  enzymes  inhi- 
bited by  1  n\M  or  less.  This  does  not  mean  that  these  two  inhibitors  are 
useless.  These  figures  are  presented  to  emphasize  the  wide  range  of  possible 
action  in  cellular  preparations  where  hundreds  of  enzymes  are  operating, 
and  to  point  out  the  necessity  of  using  the  lowest  concentrations  possible. 
Iodoacetate  is  often  used  at  1  mM  when  greater  specificity  could  be  achieved 
at  a  lower  concentration.  The  oxidation  of  various  cycle  substrates  and 
intermediates  is  inhibited  from  35%  to  85%  by  1  mM  iodoacetate  (Yang, 
1957)  and  even  0.1  mM  inhibits  the  oxidation  of  the  keto  acids  quite 
strongly.  Inasmuch  -aa.  0.2  jto_0.5  mM  iodoacetate  must  usually  be  used 
to  inhibit  glycolysis  completely,  it  is  evident  that  a  truly  specific  effect  is 
difficult  to  obtain.  The  oxidation  of  pyruvate  by  cardiac  tissue  is  almost 
completely  inhibited  by  1  mM  iodoacetate  (Webb  et  al.,  1949  b)  so  that 
similar  relations  apparently  hold  in  intact  cells.  Some  effort  has  been 
made  to  determine  the  most  specific  concentration  of  iodoacetate  for 
cardiac  tissue.  It  was  found  that  rabbit  atria  whose  rates  and  contractile 
amplitudes  were  depressed  with  1  mM  iodoacetate  could  not  be  stimulated 
by  pyruvate  (Webb,  1950  a).  A  concentration  of  0.2  mM  exerts  a  pro- 
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gressively  depressant  action  on  the  atria:  after  16  min  pyruvate  can  stim- 
ulate both  rate  and  amplitude  somewhat,  after  25  min  only  the  rate, 
and  later  pyruvate  is  completely  inactive.  On  the  other  hand,  studies  with 
rat  ventricle  strips  have  indicated  reasonably  selective  glycolytic  block 
with  0.2  mM  iodoacetate  (Masuoka  et  al.,  1952;  Covin  and  Berman,  1956). 
This  concentration  did  not  interfere  with  the  positive  inotropic  action  of 
pyruvate  on  hypodynamic  preparations.  If  differences  in  the  selectivity 
of  iodoacetate  are  observed  on  different  cardiac  tissues,  it  is  likely  that 
much  greater  variability  would  be  found  in  testing  a  variety  of  tissues  from 
different  species,  and  this  emphasizes  the  danger  of  applying  results  on  one 
tissue  to  another. 

Sometimes  a  greater  faith  than  is  justified  is  applied  to  the  specificity 
of  certain  inhibitors  because  of  categorical  statements  made  in  the  litera- 
ture. Thus,  Krebs  has  stated:  "If  the  concentration  of  malonate  is  below 
0.01  M,  succinic  dehydrogenase  is  the  only  muscle  enzyme  affected  by  this 
inhibitor;  this  high  specificity  makes  malonate  a  most  valuable  tool." 
This  statement  is,  in  general,  true  as  far  as  we  know  and  malonate,  when 
used  properly,  is  indeed  a  very  useful  inhibitor.  However,  Das  (1937) 
has  reported  50%  inhibition  of  lactic  dehydrogenase  from  pigeon  breast 
muscle,  and  a  number  of  other  enzymes  from  other  tissues  have  been  found 
to  be  inhibited  appreciably  by  10  uiM  or  less  malonate:  oxalacetate  decar- 
boxylase from  pigeon  liver  (100%  by  10  mM),  malic  enzyme  from  cattle 
lens  (55%  by  8.3  mM),  «-ketoglutarate  oxidase  from  pea  seedlings  (15% 
by  1  mM),  and  others,  some  of  which  have  not  been  tested  in  muscle  pre- 
parations. Also  it  must  be  admitted  that  many  muscle  enzymes  have  never 
been  studied  with  respect  to  malonate  inhibition  so  that  we  simply  do 
not  have  a  complete  spectrum  of  action.  One  must  also  consider  the  pos- 
sibility of  nonenzymic  actions  by  such  inhibitors  when  intact  tissues  are 
used.  Thus,  the  above  statement  may  be  true  for  many  types  of  preparation 
and  was  undoubtedly  made  with  these  reservations  in  mind,  and  yet  some 
investigators  will  interpret  it  too  rigorously  and  possibly  be  led  astray  with 
a  false  sense  of  security.  Certainly  in  our  laboratory  we  have  obtained  re- 
sults with  1  mM  to  10  mM  malonate  that  cannot  be  readily  interpreted 
in  terms  of  an  inhibition  of  succinic  dehydrogenase.  The  positive  inotropic 
action  of  malonate  on  the  rat  ventricle  is  apparently  unrelated  to  any 
action  on  this  enzyme  or  the  tricarboxylic  acid  cycle  (Covin  and  Berman, 
1956)  and  evidence  for  a  stimulatory  action  on  the  glycolytic  pathway  in 
brain  slices  (Heald,  1953)  and  ventricle  slices  (Webb  et  al.,  1949  b)  has 
been  reported.  There  is  a  great  need  for  more  emphasis  on  the  important 
problem  of  inhibitor  specificity  and  for  more  energetic  attempts  to  evaluate 
the  specificity  in  the  particular  systems  being  studied. 


CHAPTER  17 

SUGGESTIONS  FOR  PLANNING 
AND  REPORTING  INHIBITION  STUDIES 


The  information  that  may  be  obtained  from  work  with  enzyme  inhibitors 
is  greater  in  magnitude  and  reliability  when  the  inhibitors  are  used  correct- 
ly. The  investigation  of  metabolic  inhibition,  like  any  work  with  biologi- 
cal systems,  is  inherently  difficult,  and  anyone  who  is  acquainted  with  this 
field  will  know  that  in  order  to  achieve  significant  results,  especially  in 
living  cells  or  tissues,  much  careful  experimentation  must  be  done  and 
thorough  consideration  must  be  given  to  the  many  factors  that  may  com- 
plicate the  interpretations.  Furthermore,  a  complete  and  intelligible  report 
of  the  work  is  necessary  if  the  results  are  to  be  made  useful  to  others.  The 
following  practical  suggestions  may  help  those  who  have  not  worked  ex- 
tensively with  inhibitors  to  obtain  the  maximal  reliable  information  and 
are  based  on  personal  experience  and  mistakes,  as  well  as  on  the  consider- 
ation of  several  thousand  reports  in  the  literature.  Such  advice  might  be 
taken  as  presumptuous  but  even  a  casual  survey  of  the  majority  of  inhibition 
studies  will  demonstrate  certain  deficiencies  and  occasionally  a  rather 
naive  approach.  Inhibitors  are  at  present  so  widely  used  to  characterize 
enzymes,  to  plot  metabolic  sequences,  and  to  correlate  cellular  functions 
with  the  metabolism,  that  it  is  perhaps  time  to  suggest  that  inhibitors 
should  either  be  used  carefully  and  thoroughly,  or  not  used  at  all,  and  that 
interpretations  of  the  data  be  made  with  a  full  realization  of  the  com- 
plexities of  the  systems  studied.  The  following  remarks  are  partly  supple- 
mentary to  what  has  already  been  written  in  the  iDrevious  chapters  and 
must,  of  course,  be  taken  in  light  of  the  purpose  and  nature  of  the  investi- 
gations to  be  undertaken.  Specific  failures  to  observe  certain  simple  pre 
cautions  and  various  types  of  interiDretative  errors  will  be  illustrated  in 
the  later  volumes. 

SUGGESTIONS  PARTICULARLY  APPLICABLE 
TO  INHIBITIONS  OF  PURIFIED  ENZYMES 

(1)  Determine  initial  enzyme  rates.  It  is  very  important  to  determine  as 
far  as  possible  the  effects  of  inhibitors  on  the  initial  rates  following  the 
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addition  of  the  substrates,  inasmuch  as  the  rates  may  change  during  the 
course  of  the  reactions  due  to  a  variety  of  factors.  If  the  inhibition  is 
reported  over  a  period  of  30  min,  for  example,  one  cannot  be  certain 
how  much  of  the  depression  is  due  to  the  direct  action  of  the  inhibitor  and 
how  much  to  secondary  alterations  in  the  enzyme.  Unless  the  effect  on 
the  initial  rate  is  determined,  the  results  may  not  be  of  quantitative  sig- 
nificance and  any  calculated  inhibitor  constants  may  be  incorrect.  The 
problem  of  secondary  inactivation  of  enzymes  was  discussed  in  Chapter  12. 

(2)  Work  in  the  range  where  the  rate  is  linear  with  the  enzyme  concentration. 
The  usual  expressions  for  inhibition  kinetics  are  derived  on  the  basis  of  a 
linear  dependence  of  enzyme  rate  on  the  enzyme  concentration.  There  are 
several  reasons  for  nonlinearity  under  certain  conditions,  as  pointed  out 
by  Dixon  and  Webb  (1958,  p.  64),  so  that  it  is  necessary  to  test  the  enzyme 
being  investigated  under  the  conditions  in  which  the  inhibition  is  exerted. 
Nonlinearity  may  imply  limitation  by  diffusion,  relative  depletion  of  coen- 
zymes or  cofactors,  impurities  in  the  reagents  used,  and  other  situations 
which  can  easily  alter  inhibition  behavior. 

(3)  Use  as  little  enzyme  as  possible.  There  is  some  tendency  these  days 
with  the  greater  availability  of  purified  enzymes  to  use  quite  high  enzyme 
concentrations  in  the  reaction  vessels.  There  are  several  reasons  why  these 
high  concentrations  may  be  undesirable.  In  the  first  place,  there  is  a  greater 
likelihood  for  the  depletion  of  free  substrate  or  inhibitor;  that  is,  the 
system  may  be  in  zones  B  or  C,  and  more  complex  kinetics  must  be  ap- 
plied to  interpret  the  data.  In  the  second  place,  there  is  more  opportunity 
for  impurities  or  other  enzymes  to  be  introduced  with  the  tested  enzyme. 
In  the  third  place,  one  often  wishes  to  study  an  enzyme  under  approxi- 
mately physiological  conditions  and  within  the  cell  the  enzyme  may  not 
be  so  concentrated. 

(4)  Establish  competitive  inhibition  by  quantitative  procedures.  To  demon- 
strate competitive  inhibition,  it  is  not  sufficient  to  show  an  increased  rate 
of  the  inhibited  enzyme  upon  increase  in  the  substrate  concentration;  this 
would  be  expected  to  occur  with  essentially  any  type  of  inhibition.  Nor  is 
it  enough  to  show  that  the  inhibition  is  reduced  by  increasing  substrate 
concentration,  because  this  may  be  brought  about  by  other  mechanisms, 
the  reaction  of  the  substrate  with  the  inhibitor  for  example.  It  is  necessary 
to  show  by  adequate  plotting  procedures  that  competitive  kinetics  are 
obeyed  and  to  cover  as  wide  a  range  of  substrate  and  inhibitor  concentra- 
tions as  possible. 

(5)  Utilize  several  analytical  plots  to  determine  the  inhibition  mechanism,. 
It  was  pointed  out  in  Chapter  5  that  the  various  types  of  plotting  procedure 
are  not  equivalent  and  that  some  are  more  applicable  to  certain  inhibitions 
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than  others.  One  should  choose  that  method,  or  those  methods,  which  are 
most  likely  to  provide  accm'ate  values  for  the  constants  characterizing  the 
inhibition,  and  then  to  check  the  determinations  using  different  forms  of 
plotting.  In  this  way  certain  abnormal  types  of  inhibition  may  be  uncovered 
because  not  all  the  plots  will  be  equally  sensitive  to  deviations  from  the 
classic  kinds  of  inhibition.  More  accurate  and  reliable  values  for  the  in- 
hibition constants  may  also  be  obtained.  One  must  always  bear  in  mind 
that  there  are  many  possible  inhibition  mechanisms,  some  of  which  are  not 
easily  recognizable  in  the  common  plots.  It  is  probably  a  good  idea  before 
interpreting  the  data,  to  list  all  the  conceivable  mechanisms  by  which  the 
inhibition  might  take  place  and  to  devise  analytical  procedures  whereby 
these  may   be   distinguished. 

(6)  Do  not  use  an  unnecessarily  high  substrate  concentration.  Many  en- 
zymes are  inhibited  by  high  substrate  concentrations  (see  Chapter  4)  and 
under  these  conditions  the  responses  to  inhibitors  will  be  altered.  The  en- 
zyme may  also  be  saturated  at  high  substrate  concentrations,  the  rate  being 
independent  of  the  substrate  concentration,  and  under  these  conditions  the 
effects  of  inhibitors  on  the  binding  of  substrates  (i.e.,  changes  in  K,.)  will 
not  be  so  readily  observed. 

(7)  Compare  different  inhibitors  by  determining  the  true  inhibitor  constants. 
In  comparing  the  potencies  of  several  inhibitors  on  a  single  enzyme,  it  is 
not  enough  to  determine  the  inhibitions  at  single  concentrations  of  each 
inhibitor,  especially  if  one  is  dealing  with  a  series  of  homologous  compounds, 
because  it  is  only  through  the  use  of  the  true  K/s  that  accurate  results  on 
relative  binding  can  be  obtained.  If,  for  some  reason,  it  is  not  convenient 
to  determine  the  values  ofK^,  at  least  several  inhibitor  concentrations  should 
be  used  and  the  concentrations  producing  a  specified  degree  of  inhibition 
should  be  presented. 

(8)  Determine  the  effects  of  changing  the  pH  on  the  inhibition.  A  great 
deal  of  information  may  frequently  be  obtained  from  studies  on  the  variation 
of  the  inhibition  with  the  pH.  In  relation  to  the  suggestion  immediately 
above,  it  is  important  in  comparing  different  inhibitors  to  determine  the 
true  K^  values.  It  was  shown  in  Chapter  14  that  the  inhibition  expressions 
for  dissociable  inhibitors  involve  a  pH  term  and  that  the  true  K,  is  often 
quite  different  from  that  determined  by  the  plotting  procedures.  In  other 
words,  the  values  of  the  apparent  or  experimental  K^  for  a  series  of  inhibi- 
tors may  relate  principally  to  the  ionization  constants  of  the  inhibitors 
rather  than  to  their  relative  binding  to  the  enzyme.  If  one  is  attempting 
to  correlate  inhibition  with  chemical  structure,  the  relative  affinities  of 
the  active  forms  of  the  inhibitors  are  desired,  not  merely  the  fractions  of 
the  inhibitors  in  the  active  form  at  the  chosen  pH.  Furthermore,  it  is 
clear  that  information  on  the  nature  of  the  groups  at  the  active  centers  of 
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enzymes  can  often  be  obtained  by  variation  of  the  pH,  and  the  characteri- 
zation of  an  enzyme  group  is  more  important  than  a  simple  demonstration 
of  inhibition. 

(9)  Consider  the  possibility  of  nonspecific  effects  of  inhibitors.  In  the  case 
of  weak  inhibitors  particularly,  where  reasonably  high  concentrations  must 
be  used,  one  must  attempt  to  eliminate  such  effects  as  might  arise  from 
an  increase  in  the  ionic  strength.  The  use  of  comparable  concentrations  of 
otherwise  inert  salts  will  often  reveal  that  an  observed  effect  is  actually 
a  nonspecific  salt  effect  rather  than  a  direct  inhibition. 

SUGGESTIONS  PARTICULARLY  APPLICABLE 
TO  INHIBITIONS  IN  CELLULAR  PREPARATIONS 

(1)  Determine  and  correct  for  any  endogenous  metabolism.  The  presence  of 
a  significant  degree  of  endogenous  metabolism  may  influence  inhibitions, 
whether  the  endogenous  metabolism  itself  is  inhibited  or  not,  especially  in 
those  cases  in  which  the  effects  of  the  inhibitors  on  the  metabolism  of  a 
particular  added  substrate  are  determined.  The  means  for  correcting  for 
endogenous  metabolism  are  discussed  in  Chapter  9. 

(2)  Consider  the  penetration  of  the  inhibitor  into  the  cells.  The  effect  of 
an  inhibitor  on  an  intracellular  enzyme  will  depend  in  part  on  the  ability 
of  the  inhibitor  to  penetrate  to  the  enzyme  and  on  the  concentration  of  the 
inhibitor  within  the  cell.  Rough  predictions  of  penetrability  can  often  be 
made  on  the  basis  of  the  chemical  nature  of  the  inhibitor  but  it  is  always 
better,  whenever  possible,  to  obtain  experimental  evidence  on  the  intra- 
cellular concentration  during  the  inhibition.  In  this  connection,  it  is  fre- 
quently of  value  to  vary  the  pH  of  the  external  medium  if  the  inhibitor 
is  ionizable,  for  in  this  way  a  dependence  on  the  penetration  may  be 
demonstrated. 

(3)  Use  as  far  as  possible  the  optimal  inhibitor  concentration.  Choose  that 
concentration,  or  range  of  concentrations,  of  the  inhibitor  which  will  most 
likely  inhibit  intracellularly  to  the  degree  desired,  basing  your  choice  on 
the  in  vitro  actions  of  the  inhibitor  and  on  whatever  information  is  avail- 
able on  the  relationship  of  intracellular  to  extracellular  concentrations. 
The  greater  care  that  is  given  to  these  considerations,  the  greater  will  be 
the  chance  of  a  selective  and  meaningful  action. 

(4)  Use  inhibitors,  inhibitor  concentrations,  and  conditions  wJiich  will 
most  likely  provide  specific  effects.  One  should  first  consider  all  the  known 
and  possible  effects  of  the  inhibitor  and  choose  those  conditions,  if  such 
are  possible,  for  maximal  selectivity  of  action,  as  described  in  Chapter  16. 
In  addition,  all  the  evidence  that  it  is  possible  to  obtain  on  the  specificity 
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of  the  inhibition  in  the  cells  studied  should  be  presented.  Only  in  this 
way  can  accurate  and  reliable  correlations  be  made.  It  is  important  to 
avoid,  whenever  possible,  conclusions  based  on  types  of  cells  other  than 
those  being  investigated. 

(5)  Consider  the  possible  metabolic  alteration  of  the  inhibitor.  An  inhi- 
bitor may  be  either  changed  to  a  more  or  less  active  substance  by  the 
enzyme  systems  of  the  cells.  When  there  occurs  a  significant  time  lag  be- 
tween the  addition  of  the  inhibitor  and  the  effect  produced,  always  consider 
the  possibility  of  a  lethal  synthesis.  Conversely,  if  the  inhibition  decreases 
with  time,  inactivation  of  the  inhibitor  may  be  occurring.  If  either  occurs, 
the  time  over  which  the  inhibition  is  measured  is  verv  important  for  the 
interpretation  of  the  results. 

(6)  Consider  the  ^possible  nonenzymic  effects  of  the  inhibitor.  Effects  on 
cell  structure  and  function  may  occur  independently  of  any  action  on 
enzymes  or  metabolic  i^rocesses  as  pointed  out  in  Chapter  9.  Furthermore, 
these  effects  may  be  brought  about  not  only  by  the  inhibitor  itself  but  by 
the  other  ions  introduced  with  the  inhibitor.  Also  the  inhibitor  can  oc- 
casionally alter  the  ionic  balance  in  the  external  medium  by  combining 
with  one  or  more  of  the  physiological  ions.  Such  effects  should,  as  far  as 
is  possible,  be  distinguished  from  trv^e  inhibition. 

(7)  Localize  the  site  of  inhibition  as  completely  as  possible.  The  useful 
information  that  may  be  obtained  from  the  use  of  inhibitors,  especially 
new  or  little  known  inhibitors,  on  multienzyme  or  cellular  systems  depends 
on  how  well  the  exact  site,  or  sites,  of  inhibition  can  be  determined,  and 
every  effort  to  provide  data  for  this  purpose  should  be  made.  The  methods 
of  localization  are  discussed  in  Chapter  11. 

(8)  Exercise  great  care  in  correlating  celhdar  functioyi  ivith  an  enzyme  or 
metabolic  system.  When  cellular  growth,  division,  secretion,  movement,  or 
other  functions  are  depressed  by  inhibitors,  it  is  difficult  to  correlate 
definitely  these  changes  with  a  particular  enzyme  or  metabolic  sequence 
acted  upon  by  the  inhibitor,  for  reasons  presented  in  Chapter  9.  One  should 
attempt  to  correlate  with  respect  to  inhibitor  concentration,  the  rates  of 
inhibition,  the  rates  of  reversal  of  the  inhibition,  and  the  actions  of  sev- 
eral similarly  acting  inhibitors.  Evidence  of  specificity  is  especially  im- 
portant here  and  must  be  provided  in  some  manner. 

SUGGESTIONS  APPLICABLE  TO  INHIBITIONS 
OF  BOTH  PURIFIED  ENZYMES  AND  CELLS 

(1)  Provide  physiological  conditions.  As  far  as  is  possible,  try  to  create 
a  normal  environment  for  the  enzyme,  or  mitochondria,  or  cells  and  tissues. 
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by  providing  a  physiologically  correct  ionic  balance  and  pH.  Intracellular 
enzymes  should  be  tested  at  intracellular  pH's  and  cells  should  be  tested 
at  the  pH's  of  their  usual  bathing  media  if  correlations  are  to  be  made 
between  the  actions  of  the  inhibitors  on  the  experimental  preparations  and 
the  enzymes  or  cells  under  normal  conditions.  Of  course,  in  many  cases  the 
physiological  conditions  must  be  varied  to  obtain  pertinent  information 
but  the  initial  and  control  conditions  should  be  as  i3hysiological  as  possible. 
It  is  actually  not  very  important  to  work  under  conditions  in  which  the 
rates  are  maximal,  as  is  often  done.  Needless  to  say,  it  is  never  possible  to 
achieve  exact  physiological  conditions  when  studying  intracellular  enzymes 
in  isolated  preparations,  but  one  should  come  as  close  as  is  feasible. 

(2)  Control  the  pH  carefully.  All  solutions  to  be  used  in  the  enzyme  test 
or  in  cellular  inhibition  should  be  adjusted  to  the  same  pH  so  that  mixing 
will  not  result  in  any  unknown  shift  in  pH.  If  this  is  impossible  for  some 
reason,  the  pH  should  be  determined  in  the  final  medium.  It  is  also  well 
not  to  rely  completely  on  buffers  to  maintain  the  pH  constant  nor  is  it 
generally  good  practice  to  use  high  buffer  concentrations. 

(3)  Use  a  wide  range  of  inhihitor  concentrations.  It  is  only  by  using  inhi- 
bitor concentrations  that  give  the  total  range  of  possible  inhibition  that 
an  enzyme  may  be  characterized  adequately  and  useful  constants  obtained. 
Inhibition  data  on  newly  isolated  enzymes  today  are  often  restricted  to  the 
per  cent  inhibition  of  each  inhibitor  at  a  single  concentration  but  often 
such  results  are  not  very  valuable.  To  say  that  an  inhibitor  produces  a 
95-100%  inhibition  at  50  mM  means  very  little;  concentrations  of  1-5  vaM 
might  very  well  inhibit  quite  potently.  Because  of  the  configurations  of 
most  inhibition-concentration  curves,  it  is  more  valuable  to  give  the  con- 
centration of  an  inhibitor  that  produces  around  50%  inhibition,  if  only 
one  concentration  is  to  be  reiiorted.  It  is  particularly  important  in  deter- 
minations of  specificity  for  a  fairly  complete  inhibition  range  to  be  presented. 

(4)  Use  several  similarly  acting  inhibitors  for  better  correlations.  If  the 
identification  of  a  particular  enzyme  grouj)  is  desired,  or  if  the  relationship 
of  some  metabolic  process  to  a  cell  function  is  being  studied,  it  is  occasionally 
useful  to  use  several  inhibitors  having  common  actions.  For  example,  in 
characterizing  the  nature  of  sulfhydryl  groups  at  or  near  the  active  cen- 
ter, it  is  well  to  use  several  types  of  sulfhydryl  reagent,  such  as  an  ar- 
senical, a  mercurial,  iodoacetate  or  iodoacetamide,  iodosobenzoate,  iV-ethyl- 
maleimide,  a  quinone,  and  other  inhibitors.  If  inhibition  is  obtained  with 
some  but  not  others,  this  might  indicate  that  the  mechanism  of  the  inhi- 
bition is  not  through  reaction  with  sulfhydryl  groups,  or  it  could  mean 
that  the  particular  sulfhydryl  group  is  situated  at  the  enzyme  surface  in 
such  a  manner  that  only  certain  substances  can  obtain  access  to  it.  in  both 
cases  interesting  information  being  obtained. 
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(5)  Do  inhibitor  incubation  experiments  when  indicated.  It  is  very  useful, 
especially  with  a  new  inhibitor,  to  incubate  the  enzyme  with  the  inhibitor 
for  varying  times  and  under  various  conditions.  Not  only  will  this  provide 
important  information  on  the  rate  of  inhibition  but  can  well  point  to  the 
mechanism  of  the  inhibition.  The  appropriate  techniques  are  discussed 
in  Chapter  12. 

(6)  Determine  the  degree  of  reversibility  of  the  inhibition.  The  reversibility 
of  an  inhibition  will  not  only  give  information  of  a  practical  nature  that 
can  be  useful  in  future  work  with  the  inhibitor,  but  also  can  indicate  in- 
hibition mechanisms,  particularly  if  a  chemical  reaction  with  the  enzyme 
is  involved.  It  also  serves  to  demonstrate  whether  secondary  inactivation 
of  the  enzyme  or  damage  to  the  cells  has  occurred  during  the  inhibition. 

(7)  Exercise  caution  in  the  interpretation  of  protection  or  reversal  experi- 
ments involving  substances  reacting  ivith  the  inhibitor.  The  protection  of 
an  enzyme  or  a  cell  preparation  from  an  inhibitor  by  a  substance  reacting 
with  or  complexing  with  the  inhibitor  is  not  very  significant  and  does  not 
indicate  the  mechanism  by  which  the  inhibition  occurs.  In  such  cases,  one 
is  merely  reducing  the  concentration  of  free  or  effective  inhibitor.  Rever- 
sal experiments  may  be  more  informative,  but  only  if  analyzed  quantita- 
tively and  correctly.  At  the  most,  such  experiments  only  show  the  relative 
affinities  of  the  inhibitor  for  the  enzyme  and  the  protector  or  reversor. 

SUGGESTIONS   RELATIVE  TO  THE   REPORTING   OF 
INHIBITION   STUDIES 

(1)  Report  the  experimental  conditions  conrpletely.  It  is  necessary  to  state 
accurately  "all  of  the  conditions  under  which  the  inhibition  experiments 
were  run.  Some  factors  that  may  seem  unimportant  when  the  report  is 
written  may  later  be  of  major  significance.  Particularly  in  interpreting 
early  work,  it  is  often  very  difficult  to  determine  in  what  manner  the  ex- 
periments were  conducted.  In  studies  with  purified  enzymes  the  following 
would  be  the  minimally  required  information:  {a)  pH,  (b)  temperature, 
(c)  ionic  composition  of  the  medium,  (d)  the  gas  phase  in  equilibrium  with 
the  medium,  (e)  the  substrates  and  their  concentrations,  (/)  other  substances 
present,  such  as  buffers,  stabilizers,  cofactors,  etc.,  (g)  the  exact  source  of 
the  enzyme,  (h)  the  intervals  of  time  during  which  the  inhibition  was  de- 
termined, and  (i)  how  the  rates  were  determined.  In  certain  instances, 
other  conditions,  such  as  ionic  strength,  may  be  important.  Studies  on  cells 
or  tissues  require  in  addition  a  complete  history  of  the  material,  including 
nutrition  of  the  cells  before  the  experiment,  their  age,  their  growth  rate 
or  state  of  functional  activity,  and  any  other  pertinent  information.  Un- 
explained discrepancies  between  the  data  of  different  investigators  often 
result  from  deficiencies  in  reporting. 
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(2)  Present  the  inhibitions  in  inhibition  studies.  It  greatly  aids  the  reader 
if  inhibitions  are  calculated,  reported,  and  averaged  if  feasible,  rather 
than  giving  only  the  experimental  data.  Of  course,  the  raw  data  may 
in  certain  cases  be  quite  important.  The  presentation  of  only  rate  curves 
makes  it  frequently  very  laborious  for  the  reader  to  calculate  inhibitions 
and  interpret  the  results  quantitatively. 

(3)  Express  concentrations  in  molar  terms.  The  concentrations  in  many 
reports  on  inhibitors  are  given  in  terms  of  weight  per  volume.  Such  con- 
centrations are  occasionally  ambiguous  because  one  doesn't  know  the 
salt  used  or  the  assumed  hydration.  Furthermore,  it  is  difficult  to  compare 
different  reports  when  the  units  of  concentration  are  not  expressed  uni- 
formly. Another  common  practice  it  to  state  the  amount  of  material  in 
the  reaction  vessel;  e.g.,  20  //moles  of  succinate  per  vessel,  or  3  //moles 
of  ATP  in  3.3  ml  of  the  medium.  In  some  cases  there  is  justification  for 
this  but  usually  one  wishes  to  know  the  molar  concentrations.  It  makes 
little  difference  whether  the  concentrations  are  given  in  M,  milf  or  juM, 
but  it  must  be  remembered  that  these  are  abbreviations  for  concentrations 
and  not  for  actual  quantities,  which  must  be  written  out  as  moles,  milli- 
moles,  or  micromoles  (//mo.^es). 

(4)  Compare  the  relative  potencies  of  different  inhibitors  on  a  molar  basis. 
If  several  inhibitors  are  to  be  compared  with  regard  to  their  actions  on  an 
enzyme  or  metabolic  process,  the  concentrations  producing  chosen  effects 
must  be  on  a  molar  basis  rather  than  a  weight  per  volume  basis.  This  is 
actually  what  one  does  in  the  determination  of  different  K/s. 

SUGGESTIONS  OF  A  GENERAL  NATURE 

(1)  Dont  use  inhibitors  without  adequate  hnmvledge  of  their  properties. 
One  cannot  either  use  inhibitors  properly  or  interpret  the  results  of  their 
actions  if  one  does  not  understand  the  nature  of  the  inhibitions  and  the 
ranges  of  the  inhibitor  actions.  In  particular  it  is  important  to  know  the 
specificity  as  far  as  is  possible.  The  initial  choice  of  the  inhibitors  to  be  used 
will,  of  course,  depend  on  such  knowledge  and  there  are  many  examples 
where  more  informative  data  would  have  been  forthcoming  if  more  care 
had  been  devoted  to  the  selection  of  inhibitors. 

(2)  Use  inhibitors  with  specific  and  rational  purposes.  As  in  any  field  of 
scientific  investigation,  one  should  have  a  good  reason  for  the  use  of  a 
particular  procedure.  In  many  studies  involving  inhibitors,  especially  in 
the  characterization  of  enzymes,  it  would  appear  that  the  inhibitors  used 
are  those  that  happen  to  be  on  the  shelves  and,  as  a  result,  the  useful  in- 
formation derived  is  less  than  one  might  hope.  Naturally  there  are  cases 
where  exploratory  testing  is  necessary  because  the  investigated  system  is 
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poorly  understood.  However,  in  general  one  should  not  use  a  particular 
inhibitor  unless  consideration  of  the  situation  leads  to  the  conclusion  that 
the  results,  whatever  they  are,  will  be  meaningful  in  some  way. 

(3)  Use  inhibitors  that  are  as  pure  as  possible.  It  is  important  to  be  able 
to  attribute  with  certainty  the  effects  observed  to  the  inhibitor  used  if 
reliable  conclusions  are  to  be  drawn  and  thus  it  is  advisable  to  have  either 
assurance  of  the  purity  of  an  inhibitor  that  is  purchased  or  to  purify  it 
before  use.  In  many  cases  the  commercially  available  inhibitors  are  not 
pure.  It  must  never  be  forgotten  that  enzymes  and  living  cells  are  often 
highly  sensitive  to  trace  impurities,  such  as  the  heavy  metals,  and  only 
very  small  amounts  are  required  to  produce  significant  effects.  Some  inhi- 
bitors are  unstable  and  alter  chemically  with  time  to  products  that  may  or 
may  not  be  active;  one  is  seldom  certain  of  the  interval  between  the  prepa- 
ration of  the  inhibitor  and  its  purchase,  so  that  in  many  instances  repuri- 
fication  is  mandatory.  Particular  attention  must  be  paid  to  certain  inhi- 
bitors such  as  fluoroacetate,  iodoacetate,  the  quinones,  dimercaprol,  allox- 
an, and  others,  because  experience  has  shown  that  they  are  occasionally 
quite  impure  as  obtained  and  are  unstable.  One  must,  also  be  cautions 
in  using  solutions  of  inhibitors  over  several  days  since  many  inhibitors 
are  unstable  in  solution  even  when  stored  in  the  cold.  In  cases  of  doubt, 
it  is  always  better  to  prepare  the  inhibitor  solutions  fresh  for  each  expei'- 
iment. 

(4)  Interpret  inhibition  studies  in  as  quantitative  a  manner  as  possible. 
The  attempt  has  been  made  throughout  this  volume  to  put  the  study  of 
inhibition  on  a  quantitative  basis  because  it  is  believed  that  a  greater 
amount  of  information  may  be  obtained  by  using  such  an  approach.  In 
the  case  of  isolated  enzymes  it  is  best  to  determine  the  inhibitor  constants, 
Ki,  when  possible,  and  to  record  changes  in  these  or  any  other  pertinent 
constants  with  variations  in  the  experimental  conditions.  The  presentation 
of  some  type  of  rate  constants  for  the  development  of  inhibition  and  its 
reversal  is  also  advisable,  rather  than  merely  stating  that  the  inhibition 
proceeds  rapidly  or  slowly,  or  that  the  inhibition  is  readily  or  difficultly 
reversible.  Whenever  possible  the  thermodynamic  characteristics  of  the 
inhibition  should  be  determined,  especially  the  binding  energies  and  the 
entropy  terms.  Even  where  absolute  binding  energies  cannot  be  calculated, 
the  relative  binding  energies  of  the  inhibitors  within  a  series  are  often  val- 
uable in  demonstrating  the  interaction  energies  contributed  by  certain 
groups.  If  the  aim  is  to  characterize  an  enzyme  active  site,  a  quantitative 
approach  based  on  physical  and  chemical  principles  is  apt  to  be  rewarding. 
When  one  turns  to  the  application  of  inhibitors  to  cell  or  tissue  preparations, 
or  to  whole  animals,  and  especially  in  the  correlation  of  functional  and 
metabolic  changes,  it  is  of  the  utmost  importance  to  obtain  and  present 
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results  that  are  quantitatively  accurate  and  significant.  The  importance 
of  the  construction  of  inhibition-concentration  curves,  both  for  the  com- 
plex systems  and  their  enzyme  components,  has  been  emphasized.  It  is 
hoped  that  more  attention  will  be  given  in  the  future  to  the  rates  of  cellular 
inhibition  and  the  problems  of  the  penetration  into  cells,  because  the  re- 
liability of  the  interpretations  depends  very  much  on  these  factors.  Finally, 
it  is  important  to  remember  that  quantitatively  expressed  data  obtained 
from  accurately  controlled  experiments,  even  though  not  allowing  a  com- 
plete interpretation  immediately,  may  later,  in  the  light  of  further  work, 
be  very  valuable  in  the  final  understanding  of  the  phenomena  and  in  the 
elaboration  of  comprehensive  theories. 
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dence of  cellular  function  on.  464-466 

Administration,    see    Route   of  adminis- 
tration 

Agonists. 

concentration  of, 

effects  of  two  inhibitors  on,  506 
inhibition  of  enzymes  forming,  466-467 

of  enzymes  inactivating,  467-470 

Alcohol  dehydrogenase, 
complexes   with   DPN,    19 
inhibition  by  jj-chloromercuribenzoate. 

reversal  with  GSH,  622 
inhibition   by  o-phenanthroline,   84 

inactivation  of  enzyme  during,  567 
nature   of  H   transfer   in,    30 

of  K,„.    21 

Aldolase,  ES  complex.  19 

Aldoximes, 

reactivation    of  inhibited   cholinester- 
ases,   630-633 
kinetics  of,   648 

Aliesterase,    inhibition    by    insecticides, 
473-474 

Amine  oxidases,  see  also  Monoamine  oxi- 
dase 
inhibition  by  diamidines,  309-310 

Amines,   tissue   concentrations   of, 

effects  of  multiple  inhibition  on,  506 


D-Amino  acid  oxidase,  inhibition  by  chlor- 
tetracycline,  90 

L-Amino    acid    oxidase,    substrate    inhi- 
bition. 111.  133 

Amino  acids,  bond  angles  in,  240 

Aminoacylase     I,     substrate    inhibition, 
112,  130 

/j-Aminobenzoate, 

inhibition  of  D-amino  acid  oxidase,  90 
of  bioluminescence,  effect  of  pressure 
on,  851-852 

Amino  group, 

binding   energy   to   sarcosine   oxidase, 

297 

configuration   of,   235 

dipole  angle  of,  222 

dipole  moment  of,  222 

hydration  of,  251,  255 

interaction    with    carboxylate    group, 

270-273 

molar  refraction  of,  222 

polarization   of  benzene  ring   by,   298 

van  der  Waals  radius  of,  234 

m-Aminophenol,    inhibition    of   D-amino 
acid  oxidase,  90 

3-Amino-l,2.4-triazole.  inhibition  of  cata- 
lase. 
effect  of  temperature  on.   755-756 

Ammonia, 

dipole  moment  of,  244 
dispersion  electrons  of,  225 
interaction  energy  contributions  of,  244 
molar  refraction   of,   225 
optical  constants,  of,  225 
polarizability  of,  225 

a-Amylase,  activation  by  Cl~,  834 

Amytal,  on  electron  transport.  346 

Anions,   inhibition   of  enzymes.   839-840 

Aniline,  inhibition  of  D-amino  acid  oxi- 
dase, 90 

Anoxia. 

differential  damage  to  central  nervous 
system,  457 

to  embryos,  457-458 
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effects  of  temperature  on  responses  to, 

780-782 

effects  on  brain  slice  respiration,  458 

on  heart  slice  respiration,  458 

on  liver  metabolism,  458 

Antagonism, 
between  urethane  and  sulfanilamide  on 
bioluminescence,  510-511 
definition    of,    507-508 
isobolograms  for,  508-509 
of  fluoroacetate  by  malonate,  502-503 

Anticompetitive  inhibition,  see  Coupling 
inhibition 

Antigen-antibody  reactions, 

dilatation  of  antibody  cavities,  202,  263 
entropy  changes  in,  266-267 
liberation  of  water  in,  267 
thermodynamic  constants  of,  266 

Antimycin  A. 

on  electron  transport,  346,  518 
on  tumor  succinate  oxidase,  81 
respiration  resistant  to,  346 
spectroscopic  changes  produced  by,  518 
titration  of  succinate  oxidase,   80 

Antiphosphatase,  inhibition  of  phospha- 
tase in  intact   yeast,   434 

Apoenzyme,  definition  of,  50 

Arbacia    eggs, 

inhibition  of  cleavage  by  urethane, 

effects  of  temperature  on,  790-791 
stimulation  of  respiration  by  quinones, 
452 

Aromatic    compounds,    interactions    of. 
297-299 

Arsenicals, 

inhibition   of   Colpidium,    reversal  by 
thioglycolate,  646 

of  keto  acid  oxidation,  10 
specificity    of,    877 

of  pyruvate  oxidation,  5 

of  succinate  oxidase,  rate  of,  547,  549 

of  sulfhydryl  enzymes,  9 
lethal  action  on  trypanosomes, 

kinetics    of,    598-599,    601 
poisoning  by,  reversal  by  dimercaprol, 
646 


resistant  pathways  of  pyruvate  meta- 
bolism, 449 
role  of  permeability  in  action  of,  403 

Arsenite, 

concentrations  in  tissues,  395 

entrance  into  fly  larvas,  effect  of  pH  on, 

721-722 

inhibition  of  erythrocyte  respiration,  8 
of  fermentation,  effect  of  fermenta- 
tive rate  on,   861-862 
of  respiration,  effect  of  respiratory 
rate  on,  861-862 

of  succinate    dehydrogenase,    effect 
of  temperature  on,  749 
of  tumor  growth,   861 

lethal  action  on  paramecia,  kinetics  of, 

600 

stimulation  of  diatom  respiration,  452 
of  hexose   diphosphatase,   452 
of  malate  dehydrogenase,  452 
of  papain,  452 
of  P,-ATP  exchange,  452 
of  spermatozoal   respiration,   452 
of  trichomonal  respiration,   452 
of  uricase,  452 
of  yeast  respiration,  452 

Arylamine  transacetylase,  product  inhi- 
bition, 145 

Arylsulfatase, 

activation  by  anions,  834 
inhibition  by  phosphate,  839 

Ascites  tumor  cell,  metabolic  controls  of, 
461 

Aspergillus  niger,  respiration  of, 

rate    of  inhibition    by   heavy   metals, 

581-582 

Atabrine,  see  Quinacrine 

Atomic  charge,  of  bonded  atoms,  220 

Atomic   polarization,    definition   of,    217 

Atomic  refraction,  219 

ATP,  see  Adenosinetriphosphate 

ATPase,  see  Adenosinetriphosphatase 

ATP-Pj   transphosphorylation,   effect   of 
enzyme  on,  198 
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Azide, 

inhibition  of  catalase,  effect  of  temper- 
ature on,  755-756 

of  respiration,  effect  of  pH  on,  731 
stimulation   of  yeast   respiration,   452 

Azosulfathiazole,  binding  to  seralbumin, 
effect  of  temperature  on,  753 

B 

BAL,  see  Dimercaprol 

Barbiturates,  see  also  Amytal 
effects  of  pH  on  actions  of,  723 
inhibition    of   bioluminescence,    effect 
of  pressure  on,  851-852 

Benzene, 
dispersion  electrons  of,  225 
dispersion  energy  of, 

between  two  rings,  298 

in   reaction   with   carboxypeptidase. 

294 

with  cholinesterase,  290 
interaction  with  alkyl  groups,  299 
molar  refraction   of,   225 
optical    constants    of.    225 
polarizability  of.  255 
polarization  by  ionic  groups,  298 
van  der  VVaals  radii  of,  234 

Benzoate,  inhibition  of  cleavage, 

effect  of  pH  on,  721 
Bicarbonate,  concentration  in  tissues,  430 
Biochemical   lesion,   definition   of,   49 
Bioluminescence, 

effects  of  pressure  on,  849-854 

transitions    between    steady    states, 
389-390 
inhibition  of.  effect  of  pressure  on.  851- 
»    854 

inhibition  by  HgC'l^.  786-787 
by  menadione,   744-745 
by  sulfanilamide,  510-512 

effect  of  temperature  on.  787-788 
by    urethane,    510-512 

effect  of  temperature,  on,  787-788 
multiple  inhibition  of,  510-512 
sequence  of  reactions  in,  850 


Biphasic  action, 

of  Ag+  on  Aspergillus  respiration,  581- 

582 

of  inhibitors,  452 

2,2'-Bipyridine,    rate    of    inhibition    re- 
versal. 645 

Blood-brain    barrier,   effect  on   inhibitor 
distribution.  403-404 

Blood  supply  of  tissues, 

effect  on  inhibitor  distribution,  400-402 
table  of,  400-401 

Bond    angles,    table    of.    240 

Bond  energies,  table  of,  220 

Bond  lengths,  table  of,  220 

Bond   moments,   table   of,   216 

Boundary  conditions, 

competitive  inhibition,   75 
noncompetitive  inhibition,   69-71 

Branched  chains, 
convergent,  340-341 
divergent.  341-345 

explanation  of  inhibitor-stable  metabo- 
lism, 449 
multiple  inhibition  of,  500-501 

Bromoacetate,    on    muscle    lactate    for- 
mation, 10 

Buffer  capacity, 
definition  of,  331 

of  cells,  effects  on  inhibition,  714-717, 
726-728 

of  cyclic  systems,  352 
of  diffusion-limited  monolinear  chains, 
335 

of  divergent  chains,  343 
of  monolinear  chains,  331-332,  338 
of  regenerative  systems,  361 
of  self-regulatory  (feedback)   systems, 
370-372 

Buffers, 

effect  on  binding, 

of  ions  to  proteins,  840 

of  methyl  orange  to  seralbumin,  314 
effect  on  fumarase,  709-710,  840 

on  ionization  of  enzyme  groups,  840 

on   pKg's  of  fumarase,   701-702 
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Buffer  value,  definition  of.  709 

Bulk  dielectric  constant,  definition  of,  801 

Butyrylcholine,     inhibition     of    choline- 
sterase,  493-494 


Calcium, 

activation  of  cholinesterase,   837 
binding  to  seralbumin,  818 
distribution  in  the  cell,  431 
effect  on  substrate  inhibition  of  chol- 
inesterase, 127-128 

Carbamates,     inhibition     of    biolumine- 
scence, 

effect  of  pressure  on,  851-852 
of  temjierature  on,  790 

Carbon  dioxide, 

dispersion    electrons    of,    225 
energy    constants    of,    237 
energy  curve  for  interaction  of,  236 
interaction  energy  of,  237 
molar  refraction   of,   225 
optical  constants  of,  225 
polarizability  of,  225 

'Jarbon  monoxide, 

dipole  moment  of,  244 
dispersion  electrons  of,  225 
inhibition  of  cytochrome  oxidase,  9-10 
interaction  energy  contributions  of,  244 
molar  refraction  of,  225 
optical  constants  of,  225 
polarizability  of,  225 

Carboxylase,  see  Pyruvate  decarboxylase 

Carboxylate  group, 

binding  to  sarcosine  oxidase,  295,  297 

bond  angle  in,  240 

configuration  of,  235 

dispersion  energy  in  hapten-antibody 

reactions,  278 

hydration  of,  251,  255 

interaction  with  amino  group,  270-273 

molar  refraction  of,  222 

polarization  of  benzene  ring  by,   298 

rate   of  proton   association,   656 

van  der  Waals  radius  of,  234 


Carboxypeptidase , 
active  center  of,  201 
bindig  energies  of  inhibitors  of,  292-294 
effect  of  dielectric  constant  on,  813-814 

of  ionic  strength  on,  830 
inhibition  by  dipeptides,  effect  of  ionic 
strength  on,  837 

by  phosphate,  839 
nature  of  K,„,  21 
substrate  inhibition,  111,  120 

Catalase, 

adsorption  at  interphases,  436 
complex   with  acetate,   840 
enzyme-substrate  complex,  19 
heme  in  protein  crevice,  198 
inhibitions  of,  effect  of  temperature  on, 
755-756 

Cavity  radii,  for  ions,  240-241 

Cellular  function, 

changes  in,  relation  to  enzyme  inhibi- 
tion, 462-474 

dependence  on  ATP,  464-467 
effect  on  inhibitions,  484-485 

on  penetration  of  inhibitors,  484 
level  of, 

effect  on  inhibitions,  480-481 

in  tissue  slices,  480-481 
metabolic    basis    studied    with   inhibi- 
tors, 6 

methods    of  establishing    correlations, 
471-474 

nonenzymic  effects  of  inhibitors,  463- 
464 
quantitative  relations  in,  471 

Cellular  inhibition,  472-486 

effects  of  pH  on,  713-718 
of  temperature  on,  782-792 

rates  of,  571-590 

reversal   of,   642-646 
Cellular  variations,  in  tissue  slices,  481 
Chloral   hydrate,   inhibition   of  biolumi- 

nescence, 

effect  of  pressure  on,  851-852 

Chlorella, 

glucose  effect  on  respiration  and  ATP 
level,  time  relations  of,  389 
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photosynthesis  in,  inhibition  by  iodo- 
acetamide,  519-520 

Chlorguanide   (Paludrine),   concentration 
in  tissues,  395,  399 

Chloride, 

binding  to  seralbumin,  effect  of  tem- 
perature on,  753 
concentration  in  tissues,  430 

Chlormerodrin  (Xeohydrin), 

correlation  of  inhibition  with  renal  con- 
centration, 405 
kidney-plamsa  ratio  of,  396-397 

Chloroform,     inhibition    of    biolumines- 
cence, 
effect  of  pressure  on,  851-852 

p-Chloromercuribenzoate, 

displacement  of  re++  from  homogen- 

tisate  oxidase,  625 

effect  on  muscle  contractility,  462-463 

inhibition    of   lactate    dehydrogenase, 

rate  of,  546,  549 

of  i^yruvate  decarboxylase,    protec- 
tion by  substrate,  558 
of  succinate  dehydrogenase,  rate  of, 
547,  549 

reversal  of  inhibitions  due  to,  622 

Chlortetracycline,    inibition    of   D-amino 
acid  oxidase,  90 

Choline,   inhibition   of  cholinesterase, 
effect  of  temperature,  on,  760 

Cholinesterase, 

active   center  of,   200 

boundary  conditions  for  noncompeti- 
tive inhibition  of.   71 

carbamylation  of,  634-636 

determination  of  serum  concentration 

of,  71-72 

different  types  in  serum,  485-486 

dispersion  interaction, 
of  benzene  ring,   290 
of  halogen   groups,    288-290 
of  trimethylammonium   ion,   245 

effect  of  ionic  strength  on,  827-828 
of  substituent  position  on  inhibitors, 
290-291 


of  temperature  on  inhibition  of,  758  - 
760 
inhibition   at   junctions,   467-470 
by  alkylammonium  ions,  285-288 
by  p-chloromercuribenzoate,   failure 
of  cysteine  to  reverse,  622 
by  E-600,  590-591 
by  HgCla,  545-547 
by  insecticides,  473-474 
by  organophosphorus  compounds, 
induced  reactivation,  630-636 
kinetics  of  reversal,  646-648 
reactivation  during,  569 
spontaneous  reactivation,  627-630 
by  phenothiazines,  effect  of  Ca++  on, 
837 

by  phenyltrimethylammonium  ions, 
290-291 
by  physostigraine, 

dilution  effect  on,   611 
effect   of  ionic   strength   on,    836 
rate  of,  554,  557-558 
reversal    by   destruction    of  inhi- 
bitor, 640-641 

reversal    rate    after    adding    sub- 
strate,  613-615 
by  quinine,  temperature  characteris- 
tics of,  795-796 
interaction   of  substrates   and   inhibi- 
tors with,  284-292 
ion-ion  interactions  of,  284-288 
multiple  inhibition  of,  493-495 
product  inhibition  of,  146 
role  of  water  in  kinetics,  45 
substrate  inhibition,  111,  121-122,  125- 
128,    138-139 

effect  of  ionic  strength  on,  838 
synthesis    of    new    enzyme    following 
irreversible  inhibition,  645 

a-Chymotrypsin. 

association  of  imits  of,  655 

effect  of  dielectric  constant  on,  809-811 

of  ionic  strength  on,   828-829 
entropy   change   in    formation    of   ES 
complex,  266 

enzyme-substrate  complex,   19 
formation  from  chymotrypsinogen,  197 
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inhibition     by     diisopropylfluorophos- 
phate,  187 

effect   of  pH   on,    707 
inhibition  by  proteins,  effect  of  ionic 
strength   on,   837 

by  D-tyrosinamides,  309,   311 
inhibitions  of,  effect  of  ionic  strength 
on,  836 

nature    of  K,„,   21 

pH  optima  of,  effect  of  methanol  on, 
661-662 

Cilia,  of  Mytilus  gill, 

effect  of  pressure  on,  389 

Citrate,  inhibition  of  fumarase, 
effect  of  pH  on,  691-692 

Cleavage, 

inhibition  by  urethane,  effect  of  tem- 
perature on,   790-791 
inhibition  of,  effect  of  pH  on,  721 

Closed  systems,   definition  of,   320 

Coenzymes, 

inhibition   by  reaction   with,   82-85 

reaction  of  inhibitor  with,  89-90 
Colpidium, 

inhibition    by   arsenicals,    reversal    by 

thioglycolate,  646 

rate  of  killing  by  HgClj,  593-595 
Compart  mentalization , 

effect    on    transition    between    steady 

states,   391 

on  transit  time,  373-379 

in  glycolytic  pathway,  365 

of  intracellular  enzymes,   432-435 
Competitive    displacement,    of  inhibitor 
by  substrate, 

rate  of,  612-615 

Competitive  inhibition, 

by  substrate,   116,   118 

definition  of,  54-55 

dilution  effect  on,   76 

discovery  of,  9 

distinction  between  kinetic  and  equi- 
librium  competitions,  558 

effect  of  adding  substrate  on,  612-615 
of  dielectric  constant  on,  806 
of  endogenous   metabolism  on,   445 


of  pH  on,   659.  668-670.  682-683 

of  pressure  on,  846-847 

of  substrate  diffusion  into  cells  on, 

35 

of  temperature  on,  750-751 
equations  for,  57 
impossibility  in  zone  C,  74 
in    diffusion-limited   systems,    475-477 
influence    of   substrate   inhibition   on, 
134-139 

intracellular,  475-478,  742-744 
isobolograms,  for,  184-185 
methods  of  plotting,   150-153 
mutual  depletion  systems,  72-75 
of  forward   and   backward    reactions, 
101 

of  monolinear  chains,  332-334 
of  substrate-inhibited  enzymes,   178 
rate  of,  552-558 

of  reversal  of,  610 
ratio  K,/K„  104-105 
specificity  of,  871 

two  inhibitors  on  single  enzyme,  489. 
496 

variation  of  K,  with  substrate,  105-106 
with  respect  to  activator,  83-84 

types    of    plots    obtained    168-169, 

171-172 

Concentration  factor,  in  inhibitor  distri- 
bution,  399 

Concentration  of  inhibitors  in  tissues,  see 
also  Distribution  of  inhibitors,  methods 
of  expressing.   394 

Concentration-time    curves,    for    inhibi- 
tions. 595-603 
examples  of,  598-599 
interpretation  of,  599-603 
methods  of  plotting,  596-597 

Concurrent  blocking  of  convergent  chains, 
501 

Constants  of  inhibition, 

generalized  equations  for,  154-157 
methods  for  determination  of,  149-191 

Convergent  chains,  340-341 
effects  of  temperature  on,  770 
multiple  inhibition  of.  500-501 
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Copper, 

binding  to  imidazole,  314 

to  seralbumin,  266,   314-315 
effect  of  temperature  on,  753 
complexes  with  ammonia,   313 
hydration   of  C'u++,   251 
inhibition  of  respiration,  rate  of,  581- 
582,  588-590 

lethal    action    on    Nitella,    concentra- 
tion-time   curves    of,    598 

Coupling    inhibition    (uncompetitive    in- 
hibition), 

by    substrate,    118-119 
definition  and  equations  of,  59-60 
types  of  plots  obtained,  160,   166 
Covalent  bonds,  nature  of,  205-206 
Covalent  bond  lengths,  table  of,  238 
Covalent   radii,   of  atoms,   233 
Critical    temperatures, 
definition  of  794-795 
in  inhibition  of  cholinesterase  by  qui- 
nine, 796 

possible  reasons  for,  795 
Crossover  points,  definition  of,  518 

Crotonase,  inhibition  by  jo-chloromercuri- 
benzoate, 

failure  of  cysteine  and  GSH  to  reverse, 
622 

Cumulation,  see  Accumulation 
Cyanide, 

diversion  of  electron  flow,  454 
effect  on  adenine  nucleotides  and  phos- 
phates in  yeast,  time  relations  of,  389 

on  spectra  of  yeast  cytochromes,  517 
inhibition    of   cytochrome    oxidase,    9 

of  respiration,  effect  of  temperature 

on  782-784 

of  sea  urchin  respiration,  8 

of  succinate  oxidase,  effect  on  tem- 
perature characteristics,  798 
resistant  fraction  of  metabolism,  447- 
448 

stimulation   by  removal  of  inhibitory 
metal  ions,  453 

treatmant    of    poisoning    by    forming 
methemoglobin,   615 


Cyclic  systems,  348-354 

effect  of  cycle  intermediates  on,   35' 
of  substrate  concentration  on,  350- 
351 
of  temperature  on,  772 

multiple  inhibition  of,  501 
Cyclohexane   ring,   dispersion   energy   in 

reaction  with  carboxypeptidase,  294 
Cysteine, 

ionization  microconstants  for,  703 

reversal  of  inhibitions  by  mercurials, 

622 
Cytochrome    c    reductase,    active   center 

of,  200 
Cytochrome  oxidase, 

effect  of  ionic  strength  on,  832 

inhibition  by  bicarbonate,  832,  839 


Deacylases,  function  in  divergent  chains, 
344 

Debye,  definition  of,  210 

Denaturation,  effects  on  enzyme  inhi- 
bition, 760-768 

Deoxyribonuclease,  effect  of  ionic  strength 
on,  8.30-831 

Destruction  of  inhibitor,  effect  on  inhi- 
bitions, 637-642 

DFP,  see  diisopropylfluorophosphate 

Diamidines,  inhibition  of  amine  oxid- 
ases, 309-310 

Diamine    oxidase,    substrate    inhibition, 

HI 
Diamox,  see  acetazolamide 
Diaphragm,  rate  of  Hg-^^  uptake  by,  590- 

591 
Diatoms,  respiration  of, 

stimulation  by  arsenite,  452 
2,4-Dichlorophenol,    inhibition   of  catal- 

ase, 

effect  of  temperature  on,  755-756 
Dielectric  constant, 

definition  of,  245 

effect  of  ionic  strength  on.  815-816 
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of  temperature  on,  752 

on  ATPase,  810-812 

on  carboxypeptidase,  813-814 

on  a-chymotrypsin,  809-811 

on  enolase,  814-815 

on   enzyme   inhibition,    799-815 

on  formation  of  EI  complex,  804-807 

on   ion-ion   interactions,   248-249 

on  papain,   812-813 

on  rate  of  inhibition,  807-809 
examples  of  effects  on  enzymes,  809- 
815 

for  different  types  of  interactions.  248- 
249 

interpretation  in  solvent  mixtures,  801- 
802 

methods  for  changing,  800 
possible  mechanisms  involved,  802-804 
variation  with  distance,  246-248 

with  temperature,  245 
Diethyl-p-nitrophenyl    phosphate,    inhi- 
bition of  cholinesterase,  627-628 
Differential  inhibition,  in  whole  animals, 

481-485 
Diffusion, 

effect  on  intracellular  kinetics,  475-477 
into  cells  of  different  shapes,  475-477 
limiting   enzyme   reactions,   34-35 
of  inhibitor  from  cells,  643 
of  substrates  into  compartments,  34-35 
Diffusion-limited  inhibition,  rate  expres- 
sions for,  575-576 
Diffusion-limited  monolinear  chains,  335- 

337 
Diffusion-limited  reactions,  transit  time 

of,  373-379 
Diisopropylfluorophosphate, 
concentration  in  tissues,  395 
inhibition    of   cholinesterase,    493-494 

effect    of  temperature    on,    759-760 

in  different  tissues,  405 

in  vivo,  645-646 

reactivation  with  aldoximes,  632 
inhibition  of  a-chymotrj^isin.  187 

effect  of  pH   on,   707 
use  in  determining  amino  acids  at  active 
center,  195 


Dilution, 

of  enzyme-inhibitor  systems,  76-77 
on  rate  of  inhibition  reversal,  609-611 

Dimercaprol  (BAL), 

reversal  of  heavy  metal  poisoning,  646 
of  inhibitions  by  mercurials,  622 

Dimercaprol  glucoside,  reversal  of  arsen- 
ical poisoning,  646 

Dimethylcarbamylcholine,    inhibition    of 
cholinesterase,  634-636 

Dimethyl-p-nitrophenyl    phosphate,    in- 
hibition of  cholinesterase,  627-628 

3,5-Dinitro-o-cresol,   inhibition   of  respi- 
ration, 

effect  of  pH  on.   731 

2,4-Dinitrophenol   (DXP), 

effect  on  adenine  nucleotides  and  phos- 
phates in  yeast,  time  relations  of,  389 
on  cardiac  function.  473 
on  glucose   concentration  in   lymph 
cells,  504 
inhibition     of    ATPase,     temperature 
characteristics    of,    797 

of  gastric  secretion,  effects  of  other 
inhibitors    on,    504-505 
pH  of  solutions  of.  707 
secondary  effects  of,  440-441 
stimulation  of  respiration,  10 

effect  of  temperature  on,  784-785 
uncoupling  in  regenerative  systems,  367 
uptake  by  yeast  cells,  478,  480 

Dioxane,  use  in  lowering  dielectric  con- 
stant,   800-801 

Diphosphoglyceromutase,    substrate    in- 
hibition, 112 

Diphosphopyridine     nucleotide     (DPX), 
complexes  with  steroids,  298-299 

Dipolar    molecules,    interaction    energy 
contributions,  in,  244 

Dipole  angles,  222 

Dipole-dipole  interactions,  211-214 
contributions  of  various  forces,  243 
dependence  on  orientation,  211-213 
effect   of  dielectric   constant  on,  248- 
249 
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of  freely  rotating  dipoles,  213-214 
potential  energy  of,  212-214 

Dipole-induced  dipole  interactions,  222- 
223 

Dipole  moments, 
definition  of,  208 

dependence  on  inductive  and  resonance 
effects,  308 
induced,  218 

in  interaction  of  halogen  groups  with 
cholinesterase,    288-289 
of  bonds,  216,  220 
of  molecular  groups,  222 
of  molecules  in  solution,  210-211 
of  rotating  molecules,  208-209 

Dipyridyl,  see  2,2'-bipyridine 

Diseases,  mimicked  by  inhibitors,  7 

Dismutation,   kinetics  of.  47-48 

Dispersion    electrons,    number    of,    225- 
226 

Dispersion  energy. 

of  benzene  ring  and  alkyl  groups,  299 

of  steroids    and    adenine    nucleotides, 

298-299 

of  two  benzene  rings.  298 

Dispersion   forces,   see   electrokinetic   in- 
teractions 

Dissociation  constants. 

effect  of  ionic  strength  on,  818-823 
of  pressure  on.  842-843 
of  temperature  on.  749-750 

Distortion  energy.  262-264 

of  enzyme  charge  distribution.  263 
of  enzyme  side-chains,  263 
of  enzyme  structure,  263 
of  inhibitor  structure,  263 

Distribution    of    enzymes,    intracellular. 
432-435 

Distribution  of  inhibitors.  393-425 
acetazolamide,  396-400.  402 
arsenite.  395 

chlorguanide.  294-395.  399 
chlormerodrin,  396-397 
concentrations  in  tissues,  394-398 
correlation  with  enzyme  inhibition.  405 


dependence  on  binding  to  plasma  pro- 
teins, 404 

on  cell  permeability,  402-403 

on  dose  of  inhibitor,  399-400 

on  route  of  administration,  398-399, 

406-407 

on  tissue  composition,  404 

on  tissue  vascularity,  400-402 

diisopropylfluorophosphate.   395 

during   repeated   administration,   421- 

424 

effect   of  second  inhibitor   on,    503 

in  plants,  405-410 

intracellular.  410-412 

isoniazid.  396-398,  402 

mercuric  chloride,  395 

quinacrine,  395 

relation  to  affects  produced,  425 

time  course  of,  413-421 
Distributive  systems,  346-348 
Divergent  chains. 

effects  of  temperature  on,  771 

multiple  inhibition  of,  501 

nature  of,  341-345 

stimulation  of  one  branch  by  inhibitor, 

454-455 

DXP.  see  2,4-Dinitrophenol 

Dose  of  inhibitor,  effect  on  tissue  dis- 
tribution, 399-400 

DPX,  see  Diphosphopyridine  nucleotide 

DPXH-peroxidase.  complex  with  DPXH, 
19 

DPX"-pyrophosphatase,     natural     inhibi- 
tors of.  778 
Dye  reduction,  inhibition  of,    101-104 


EDTA,  see  Ethylenediamine  tetraacetate 

Effective  concentration  of  inhibitor,  def- 
inition of.  411 

Ehrlich  ascites  tumor  cell,  see  Ascites  tu- 
mor cell 

Electrical  field  strength,  surrounding  an 
ion,  206 
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Electrical  potential,  of  ions,  207 

Electrokinetic   interactions,   223-228 
carboxypeptidase   inhibition,    292-294 
London  formulation  of,  224 
of  benzene  rings,  299 
of  steroids   and   adenine    nucleotides, 
298-299 

potential  energy  of,  224 
Slater-Kirkwood  formulation  of,  224- 
225 
specificity  of,  228 

Electron   displacement,   role    in   enzjnne 
reactions,  30 

Electronegativity, 
definition  of,  206 
of  biologically  important   atoms,  215 

Electronic  polarization,  definition  of  217 

Electron  transport, 

inhibition  of  dye  reduction  in,  101-104 
localization  of  site  of  inhibition  in, 
517-518 

Electrostriction , 
definition  of,  842 
role  in  pressure  effects,  841-842 

Endogenous  metabolism,  441-447 

effects  of  added  substrate  on,  442-443 
effects  on  inhibition  kinetics,  444-447 
necessity  of  correction  for.  441-442 

Energy    constants,    for    nonpolar    mole- 
cules, 237 

Energy  contours,  of  enzyme  reactions,  21- 
22,  28-29 

Energy  flow,  modification  by  inhibitors. 
1-3 

Energy  of  activation  of  enzyme  inhibi- 
tion, 559-561 

Energy    of   interaction,    see    Interaction 
energy 

Energy,  potential, 

of  two  ions,  207-208 
Enolase, 

effect   of  dielectjic  constant   on,   814- 

815 

substrate  inhibition.  111,  131 
effect  of  ionic  strength  on,  838 


Enthalpy, 

determination  of  changes  in,  265-266 
of  hydration,  251 

Entropy, 

determinations  of  changes  in,  265-266 
electrostatic  and  nonelectrostatic  com- 
ponents, 265 

formation  of  ES  complexes,  266-267 
of  activation,  of  enzyme  inhibition, 
559-561 

of  hydration,  251 

relation  to  changes  in  water  structure, 
266 

Enzyme-inhibitor  complex, 
ionization  of,  682-683 
rate  of  dissociation  of,  607-611 

Enzyme-product  complex,  effect  on   ki- 
netics of,  23-24 

Enzymes, 

charge  on,  effect  on  K,-,  694-701 

determination  of  concentration  of,  71- 

72 

development  of  concepts  of,  7-8 

intracellular  distribution,  432-435 

intracellular  state,  436 

reaction     rates,    factors    determining, 

31-32 

synthesis  of,  inhibition  of,  440-441 

variability  of.   response   to    inhibitors 

485-486 

Enzyme-substrate  complex, 
entropy  for  formation,  266 
evidence  for,   19 
nature  of,  27-31 

Equation  of  fit,  applied  to  enzyme  inter- 
actions, 302-303 

Equilibrium    competition,    definition    of, 
558 

Equilibrium  distance, 

determination  from  K,,   270-274 

expressions  for,  230-240 

of  carboxylate  and  amino  groups,  270- 

273 
Equilibrium  interaction  energy,  230-232 
Erythrocj'tes,  respiration  of, 

stimulation  by  quinones,  452 
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Eserine,  see  Physostigmine 

Esterases,  substrate  inhibition,  123,  135 

Ethane,  optical  constants  of,  225 

Ethanol, 

dipole   moment  of,   244 

inhibition    of   bioluminescence,    effect 

of  pressure  on,   851-853 

interaction  energy  contributions  of,  244 

Ethylenediamine  tetraacetate,  stimula- 
tion by  removal  of  heavy  metal  ions, 
453 

Ethyl    ether,    inhibition   of   biolumines- 
cence, 
effect  of  pressure  on,  851-852 

iV^-Ethylmaleimide,     inhibition    of    gas- 
tric secretion, 
effect  of  2,4-dinitrophenol  on,  504-505 

Ethyl  urethane,  see  Urethane 

Exaltation, 

definition  of,  219 

table  of  vahies  for,  221 


False  start,  in  transition  between  steady 

states,  387-388 
Fate  of  inhibitors,  413-421 
Feedback     systems,    see    Self-regulatory 

systems 
Ficin,  nature  of  K^,  21 
Field  strength,  electrical, 

surrounding  an   ion,   206 
Fit,  of  inhibitor  to  enzyme, 

equation  of  fit,  302-303 

index  of  fit.  303 

means  for  exj^ression  of,  302-303 
Flavin-adenine    dinucleotide,    complexes 

of  substances  with,  90 
Flexibility  of  enzymes,  199,  263 

effect  of  temperature  on,  753 
Fluctuation,  in  transition  between  steady 

states,  386-388 
Fluoride, 

hydration  of,  251 


inhibition  of  respiration,  effect  of  pH 

on,  731 

of  stimulated  brain  slices,  480 
of  succinate  oxidase,  492-493 

stimulation  of  yeast  respiration,  452 
Fluoroacetate, 

accumulation    of   citrate,    antagonism 

by  malonate,  502-503 

inhibition  of  sarcosine  oxidase,  296 
Fluorocitrate,  inhibition  of  intracellular 

aconitase,  436 
Forces,  intermolecular, 

classification  of,  205 
Formate   dehydrogenase,   localization   in 

staphylococcal  membrana.  434 
Fractional  inhibition,  definition  of,  57 
Free  energy,   of  hydration,  251 
/5-Fructofuranosidase   (invertase), 

inhibition  by  urethane, 

effect   of  pressure   on,    846-849 
of  temperature  on,  755-756 

intracellular  kinetics  of,  475 

kinetics  of,   14 

location  relative  to  membrane  in  yeast, 

433-434 

rate  as  a  function  of  water  concentra- 
tion, 43 

substrate  inhibition.  111,  133 
Fumarase, 

active  center  of,  201 

effect  of  buffers  on  ionization  of,  840 

inhibition  by  malonate,  effect  of  tem- 
perature on,  754 
by  phosphate,  839 

inhibition  of,  effect  of  pH  on,  691-694 

pK^'s  active  center  groups,  701-702 

substrate  inhibition.  111 
Function,  see  Cellular  function 


Gastric  secretion,  multiple  inhibition  of, 

504-505 
Glucose  oxidase, 

complexity  of  kinetics  of,  27 

nature  of  K„,  21 
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Glucose-6-phosphate  dehydrogenase,  acti- 
vation by  K+,  835 

Glutamate  y-aminobutyrate  transami- 
nase, distribution  in  nervous  system, 
482-483 

Glutamate  decarboxylase,  distribution  in 
nervous  system,  483 

Glutamate  dehydrogenase,  inhibition  by 
p-chloromercuribenzoate, 
reversal  by  cysteine  and  GSH,  622 

Glutamic  acid,  ionization  microconstants 
of,  703 

Glutathione, 

inhibition  of  succinate  oxidase, 

in  reactivation  experiments.  625-626 

rate  of,  547,   549 
reversal  of  inhibitions  by  mercurials, 
622 

Glutathione  reductase,  inhibition  by  salts, 
834 

Glutathione  synthetase,  product  inhibi- 
tion, 145 

Glycine, 
inhibition  of  alkaline  phosphatase,  90 
of  fumarase,  effect  of  pH  on,  691- 
692 

Glycine  transacetylase,  product  inhibi- 
tion,  145 

Glycolysis, 

effects  of  ions  on,  838-839 

example  of  regenerative  system,  364- 

365 

product  inhibition   controlling.    148 

rate  of  action  of  HgClj,  580-581 

Graphical  analysis 

determination  of  activation  energy  of 
inhibition,  559-560 

of  activation  enthalpy  of  inhibition, 

757-758 

of   inhibition    rate    constants,    539, 

542,   547-548,  552,   556 

of  reactivation  rate  constants,  633- 

634 
general  methods  of,  150-153 
of  multiple  inhibition.  490 


pH   effects,   678-682 
relation   between   inhibition   and   pH, 
735,  737 

suggestions  for  determination  of  con- 
stants, 188-191 

Growth,  localization  of  site  of  inhibition 

on,  531-532 

H 

Hapten-antibody  reactions,   274-284 
determination     of    group     interaction 
energies,  275-278 
dispersion  energy  of, 

equation   for,   277 

table  of,  278 
effect  of  group  position  on,  282-284 

of  hydration  on,   284 

of  ionic  group  size  on,  281-282 
energy  terms  involved  in,  275-276 
experimental   procedures,   275 
ion-ion  interactions  in,  279-280 
specificity  of  ionic  groups,  280-281 
water  displacement  during,  276-277 

Heart  cells,  of  frog, 

effect  of  pressure  on,  389 

Heparin,  inhibition  of  trypsin, 

effect  of  ionic  strength  on,  836 

Heterogeneity,    of    active    centers,    108- 
109 

Hexokinase, 

activation  by  Na+,  835 

inhibition  by  2^-chloromercuribenzoate, 

reversal  by  cysteine  and  GSH,  622-624 

intracellular  kinetics,  475 

product  inhibition  of,  144,  148 

Hexose    diphosphatase,    stimulation    by 
arsenite,  452 

Histidine,  occurrence  at  active  centers, 
196 

Homogentisate    oxidase,    inhibition    by 
p-chloromercuribenzoate, 
reversal  by  GSH  and  Fe++,  625 

Homologous  series, 

comparison   of  members,   311-312 
inhibitory  potencies  in  309-312 
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Hydration,  250-259 

differences  between  cations  and  anions, 

255 

effect  of  temperature  on,  752 

effect  on  hapten-antibody  binding,  284 

on  inhibition  of  cholinesterase,  288 
energy,  250-255 

definition  of,  250 

example  of  calculation  of,   252-255 

of  common  ions,  251 
enthalpy,  251 
entropy,   251 
free  energy,  251 

importance  in  enzyme  interactions,  259 
in    mixed    solvents,    802 
numbers,  table  of,  251 
of  fatty  acids,  257 
of  proteins,  258 

orientation  of  water  around  ions,  258 
primary,  definition  of,  250 
role  in  ion-ion  interactions,  250,  272- 
274 

secondary,  definition  of,  250 
Hydrocarbon  chain, 
bond  angles,  in,  240 
configuration   of,   235 
interactions  between.  300 

Hydrocyanic  acid,  see  also  Cyanide 

dispersion  electrons  of,  225 

molar  refraction  of,  225 

optical  constants  of,  225 

polarizability  of,  225 
Hydrogen. 

dispersion  electrons  of.  225 

energy  constants  of,  237 

energy  curve  for  interaction,  236 

molar  refraction   of,   225 

optical  constants  of,  225 

orientation  on  interaction  energy,  241- 

242 

polarizability  of,  225 
Hydrogen  bonding,  214-217 
Hydrogen  sulfide, 

dispersion  electrons  of,  225 

molar  refraction  of,  225 

optical  constants  of,  225 

polarizability  of,  225 


Hydro([uinone,  effect  of  pH  on  reactivity, 
734 

Hydroxylamine. 

inhibition  of  catalase,  effect  of  temper- 
ature on,  755-756 

reactivation  of  cholinesterase  inhibited 
by  TEPP,  630,  636 

of  cholinesterase   inhibited   by  car- 
bamylating  agents,  634-636 

Hydroxyl  group, 
bond  angle  in,  240 
configuration  of,  235 
dipole  angle  of,  222 
dipole  moment  of,  222 
dispersion  energy  in  hapten-antibody 
reactions,    278 
hydration  of,  258 

interaction  with  cholinesterase,  290-291 
molar  refraction  of,  222 
van  der  Waals  radius  of,  234 

/S-Hydroxyphenylalanine,  inhibition  of 
phenylalanine  utilization  in  E.  coli, 
498.  500 

p-Hydroxyphenylpyruvate  oxidase,  sub- 
strate  inhibition,    112-114 

/3-Hydroxysteroid    dehydrogenase, 
complex  of  steroids  and  DPN,  299 
substrate  inhibition.  111,  121-122,  128- 
130 

Hypothermia,  effects  on  response  to 
anoxia.  780-782 

I 

Inactivation, 
of  enzymes, 

effect  on  rate  of  inhibition,  561-569 
progressive  during  inhibition,  98-100 
of  inhibitor,  progressive  during  inhibi- 
tion.   100 

Index  of  fit,  applied  to  enzyme  inter- 
actions, 303 

3-Indolepropionate,  inhibition  of  ci-chy- 
motrypsin, 
effect  of  ionic  strength  on,  836 

Induced   polarization,  definition  of,  217 
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Inhibitor  constants  (K,), 

determination   of.   677-682,   684 

from    intracellular    inhibition.    475- 

478,  737-738 

in   multienzyme   systems,   382-383 

suggestions  for,  188-191 
effect  of  dielectric  constant  on,  804-807 

of  ionic  strength  on,   818-823 

of  pressure  on,  844 

of  temperature  on,   748-749 
variation  with  substrate,   105-106 

Inhibitor-resistant  metabolism, 
due  to  polylinear  chains,  345 
explanations   of,   449-451 
for  cyanide,  447-448 
for  iodoacetate,  449 

Inhibitors, 

as  drugs,  6-7 

history  of,  7-11 

reaction   with   substrate, 

isobolograms   for,    186 

types  of  plots  obtained,  165,  173 
Inhibitor  titer,  determination  of  relative 

enzyme   concentrations,   80 
Inhibition  index,  definition  of,   106 
Insecticidal    action,    enzjTne    basis    for, 

473-474 
Interaction, 

between  inhibitors  on  enzyme  surface, 

490-493 

constants, 

determination  of,   181-182 
effect  on  inhibitions,  61-64 

definition  of,  51 

energy, 

dependence  on  fit,  301-304 
general  equations  for,  232 
of  methyl  group  in  a  cavity,  301-302 
relation  to  inhibitor  constant,  264 

forces, 

in   colloids,  244 

relative  contributions  of,  242-245 

Intermolecular    forces,    classification    of, 
205 

Intracellular  concentrations, 
of  enzymes,  482-483 


of  inhibitors,   477-478 

maximal  level  of,  415 

relation   to   external    concentration, 

411 

variation   with   time,   413-421 
of  substrates,  477-478,  482 

Intracellular  enzymes,  differences  from 
extracted   enzymes,   428 

Intracellular  equilibria,  effect  of  inhi- 
bitors on,  456-458 

Intracellular  inhibition, 

determination  of  K^  from,   475-477 
effect  of  diffusion  on,  475-477 
quantitative  expression  of,  474-478 

Intracellular  media,  ionic  composition  of, 
430-431 

Intrinsic  constants,  see  Microscopic  con- 
stants 

Invertase,  see  /?-Fructofuranosidase 

lodoacetamide,  effect  on  dinitrophenol 
inhibition  of  gastric  secretion,  504-505 

Iodoacetate, 

accumulation    of    hexose    phosphates, 
514 

effect     on     glucose     concentration     in 
lymph  cells,  504 
on  heart, 

continuation    of   inhibition    after 
removal  of  inhibitor,  579 
rate  of,  586-588 
on  muscle  pH,   718-719 
on  photosjnithesis,   519 
inhibition  of  cardiac  metabolism,  516 
of  fermentation,  effect  of  pH  on,  726 
of  glycolysis, 

early  work  on,  10 
pyruvate  addition  to  localize,  472 
rate  of,  582-588 
specificity  of,  877-878 
of  pyruvate  oxidation,  877-878 
of  respiration, 

effect  of  pH  on,  731 
rate    of,    582-588 
of  sarcosine  oxidase,  296 
of  stimulated  brain  slices,  480 
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inhibition  by,  effect  of  pH  on,  722-724 

pH  of  solutions  of,  707 

pyruvate  utilization  during  inhibition 

by,  515-516 

rates  of  inhibition  of  glycolysis,  582-588 

reaction  with  glutathione,  effect  of  pH 

on,  726 

resistant  fraction  of  glycolysis,  449 

specificity  of,  877-878 

stimulation  of  yeast  respiration,  452 

o-Iodosobenzoate,  inhibition  of  succinate 
oxidase, 
rate  of,  547,   549-550 

lon-dipole  interactions,  208-211 

contributions  of  various  forces  to,  243 
dependence  on  orientation  209 
for  rotating  dipoles,  208-209 
potential  energy  of,  208-210 

Ionic  atmosphere,  260-262 

effect  on  ion-ion  interactions,  260 
energy  for  displacement  of,   262 

Ionic  radii,  table  of,  251 

Ionic  refractions,  221 

Ionic  strength, 

classification  of  effects  of,   815-818 
effect  of  substrate  concentration  on,  113 
effect  on  activity  coefficients,  816 
on  carboxypeptidase,  830,  837 
on  cholinesterase,  827-828 
of    a-chymotrypsin,    828-829,    836- 
837 

on  cytochrome  oxidase,  832 
on  dielectric  constant,  815-816 
on    dissociation    constants,    818-823 
on  enzyme  inhibitions,   835-838 
on  enzyme  reactions,  826-834 
on   inhibition   of  carboxypeptidase, 
837 

on  inhibition  of  cholinesterase,  836 
on  inhibition  of  a-chymotrypsin,  836- 
837 

on  inhibition  of  trypsin,  836-837 
on  ionization  constants  of  enzymes, 
816-817 

on  polynucleotide    phosphorylase, 
831-832 


on  proteinase  C,  829 

on  rate  constants,  823-826 

on  ribonuclease,  830-831 

on  substrate  inhibition,  126-128,  133, 

838 

on  urease,  828 

Ion-induced  dipole  interactions,  217-222 
polarization  of  benzene  ring  by  ionic 
group,  298 
potential  energy  of.  218-219 

Ion-ion  interactions, 

contributions  of  various  forces,  243 
displacement  of  water  during,  271,  279 
effect  of  dielectric  constant  on,  248-249, 
804 

of  hydration   on,   250 
entropy  of,  265 
index  of  fit.  303-304 
in  hapten-antibody  reactions,  279-280 
potential  energy  of,  207 

Ionization    constants, 
effect  of  buffers  on.  840 
of    active    center     groups,     effect    of 
charged  inhibitors  on,  701-704 

Ionization    potential,    dispersion    energy 
and.  224 

lon-nonpolar  interactions,   contributions 
of  various  forces,  243 

Ions, 

binding  in  the  cell,  431 

cavity  size  of,  240-241 

concentrations  in  tissues,  430-431 

electrical  potential  of,  207 

field  strength  of,  206 

potential   energy   between,   207-208 

specific  binding  to  proteins,  818 

Iproniazid,  inhibition  of  monoamine  oxi- 
dase. 

entropy  of  activation  of,  561 
in  different  tissues,  405-406 
protection  by  tyramine,  558 
rate  of,  545,  548 
time  course  in  liver,  406 

Irreversible  inhibition,  definition  of,  52- 
54 
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Isobolograms, 

competitive   inhibition,    185 
expression  of  antagonism,  summation, 
and  synergism,  508-509 

of  inhibitions,  183-184 
reaction  of  inhibitor  with  substrate,  186 
two  inhibitors  acting  simultaneously, 
495-498 

Isoniazid,  distribution  in  central  nervous 
system,  396-398,  402 

Isoxanthopterin,   inhibition  of  xanthine 
oxidase,  120,  124,  137-138 


a-Ketoglutarate   utilization,   stimulation 
by  malonate,   452 

Kinetic  competition,  definition  of,  558 
Kinetic  constant,  definition  of,  20 
Kinetic   energy   of  molecules,   effect    on 
interaction  distance,  238-240 

Kinetics, 

complex  enzyme  reaction  tjT)es.  32-48 
diffusion  of  substrate  to  enzyme,  34-35 
Michaelis-Menten  formulation  of,  14 
of  enzyme  reactions, 
cyclic  reactions,   47-48 
effect  of  activator  on,  45-47 
of  EP  complex  on,  23-24 
of  number  of  substrate  molecules 
bound,  25-26 
of  pH  on,  652-666 
of  reversibility,  24-25 
of  substrate  depletion  on,  22-23 
enzyme  concentration  greater  than 
substrate,  35-36 
participation  of  solvent,  43-45 
two   different   substrates.   39-43 
two  interdependent   active   centers, 
36-39 

use  of  activities  in,  26-27 
of  inhibition, 

dependence    on    inactive    forms    of 
enzyme,   760-767 
destruction  of  inhibitor  on,  100 
development  of,  9 


effect    of    endogenous     metabolism, 
444-447 

of  enzyme   inactivation   on,   561- 

569 

of  nonenzymic  binding  on.  615-620 

of  pH  on,  667-677 

of  substrate  and  inhibitor  concen- 
trations on,  61-64 
generalized  equations  for,  55-59 
influence  of  substrate  inhibition  on, 
134-139 

inhibition  of  forward  and  backward 
reactions,   100-101 
inhibitor  also  a  substrate,  96-98 
more  than  one  inhibitor  molecule  per 
enzjTiie  molecule,  90-96 
progressive  inactivation  of  enzyme, 
98-100 

reaction  with  coenzyme  or  activator, 
89-90 

with  coenzyme  or  activator  sites, 

82-85 

with  substrate,  85-88 
reduction  of  acceptor,  101-104 
reversible  and  irreversible,   52-54 
substrate   diffusion  into  ceUs,   35 
two  inhibitors  on  a  single  enzyme, 
488-492 
Krupka-Laidler  plot,  determination  of  K,- 
in  mutual  depletion  systems,  188 


Lactate  dehydrogenase, 
complexes  with  DPX,   19 
distribution  in  nervous  system,  483 
inhibition  by  ^-chloromercuribenzoate, 
rate  of,  546,  549  . 

reversal  by  cysteine  and  GSH,  622   *^ 
inhibition  by  excess  apoenzyme,  455 

by  substrate  analogs.  297 
localization    in    staphylococcal    mem- 
brane, 434 

substrate  inhibition.  111,  121-122,  124-         • 
125 

Lag  period,  see  Latent  period 

Latent  period,   of  inhibition,   573 

of  Aspergillus  respiration  by  C'u++,  582 
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Lethal  synthesis, 

definition  of,  437 

effect  of  a  second  inhibitor  on,  502-503 

examples  of,  437 

kinetics  of,  437-439 
Limiting  reactions, 

concept   of,   380-382 

definition  of,  320 

limiting  rare  coefficient,  381 

role  in  complex  enzyme  kinetics,  48 
Lipase, 

effect   of  temperature   on,    766-767 

substrate  inhibition.  111 
Lipid   content   of  tissues,   table   of,   401 
Liver,  respiration  of, 

stimulation   by  quinones,   452 

Localizations,  of  site  of  inhibition,  513- 
533 

accumulation  of  intermediates,  513-515 
addition  of  substrates  or  intermediates, 
515-516 

distribution  of  labeled  atoms,  519-521 
general  program  of  localization,  527-533 
reconstructed  enzyme  systems,  523 
spectroscopic  analysis,  516-519 
uncoupling  mechanism,  523-527 
use  of  second  inhibitor,  521-522 

London    forces,    see    Dispersion    energy, 
Electrokinetic  interactions 

M 

Magnesium, 

concentration   in  tissues,   430 
distribution  in  cells,  431 

Malate  dehydrogenase, 

distribution  in  nervous  system,  483 
inhibition  by  j^-chloromercuribenzoate, 
failure  of  cysteine  nad  GSH  to  reverse. 
622 

localization  in  staphylococcal  membra- 
ne, 434 
stimulation  by  arsenite,  452 

Malate,  inhibition  of  fumarase, 
effect  of  pH  on,  691-692 

Maleate,  inhibition  of  fumarase, 
effect  of  pH  on,  691-692 


Malonate, 

antagonism  of  citrate  accumulation  due 
to  fluoroacetate,  502-503 
inhibition    of    bacterial     dehydrogen- 
ases, 9 

of  fumarase,   effect   of  temperature 
on,  754 

of  respiration,  effect  of  pH  on,  722- 
723 

of  stimulated  brain  slices,  480 
of  succinate   dehydrogenase,    104 
dependence   on   rate   of   reaction, 
858 

determination  of  Kj/K^,  183 
distortion  of  structures,  263 
effect  of  dielectric  constant,  806 
effect  of  temperature  on,  754 
pH  of  solutions  of,   707,   709 
protection     of    succinate     dehydro- 
genase  against   SH-agents,   494 
resistance   to,   450 
specificity  of,  878 
stimulation  of  ATPase,  453 
of   cardiac    respiration,    521 
of  a-ketoglutarate  oxidation,  5,  521 
of  a-ketoglutarate  utilization,  452 
of  pyruvate  incorporation   into   cy- 
cle,  452 
use  to  study  a-ketoglutarate  oxidation, 
5.  521 

Mechanisms   of  inhibition,    classification 
of,  50-51,  60-61 

Media,   for  enzyme  experiments, 
composition   of,   428-432 

Membranes,  localization  of  enzymes  in, 
433-435 

Menadione,  inhibition  of  bioluminescence, 
effect  of  pH  on,  744-745 

Mepacrine,   see  Quinacrine 

Mercurials,  see  Chlormerodrin,  ^j-Chloro- 
mercuribenzoate,   Mercuric  chloride 

Mercuric  chloride, 

concentrations  in  tissues,  395 
inhibitions   of  bioluminescence,   effect 
of  temperature  on,  786-787 
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of  cholinesterase,  effect  of  temper- 
ature  on,   758 

of  glycolysis,  rate  of,  580-581 
of  respiration,  rate  of,  580-581,  588- 
590 

of  succinate  oxidase,   partial  rever- 
sal by  dimercaprol,  622 
rate  of  killing  of  Colpidium,  593-595 

Mercuric  dimer  of  seralbumin,  thermo- 
dynamics of,  267 
Mesaconate,   inhibition  of  fumarase, 

effect  of  pH  on,  691-692 
Metabolic  differentiation,  detection  with 

inhibitors,  5-6 
Metabolic  rate,  effect  on  inhibitions,  857- 

862 

Metabolic    variation,    between    different 
tissues,  481-484 

Metabolism  of  inhibitor, 

effect  of  a  second  inhibitor  on,  502-503 
effect  on  rate  of  inhibition,  577-578 

Methane, 

dispersion  electrons  of,  225 
energy  constants  of,  237 
energy  curve  for  interaction,  236 
interaction  energy  of,  237 
molar  refraction  of,  225 
optical  constants  of,  225 
polarizability  of,  225 

Methanol, 

dipole   moment  of,   244 

effect   on   pH   optimum    of   a-chymo- 

trypsin,  661 

interaction    energy    contributions    of. 

244 

use  in  lowering  dielectric  constant,  801 

Methoxyacetate,   inhibition   of  sarcosine 
oxidase,  295-297 

Methylene  blue,  inhibition  of  reduction 
by  dehydrogenases,  101-104 

Methylene  group, 

binding   energy   to    carboxypeptidase, 
292 

to  lactate  dehydrogenase,  297 

to  sarcosine  oxidase,  297 


configuration  of,  235 

dispersion  energy  for  interaction  with 

protein,   300 

van  der  Waals  radius  of,  234 

Methyl  group, 

binding   energy   to   sarcosine    oxidase. 

297 

configuration  of,  235 

dipole   angle   of,   222 

dipole  moment  of,  222 

dispersion  energy  in  hapten-antibody 

reactions,  278 

index  of  fit  in  protein  cavity,  303-304 

interaction  energy  in   protein   cavity, 

301-302 

interaction  with  benzene  ring,  299 

molar  refraction  of,  222 

polarizability    of,    299 

van  der  Waals  radius  of,  234 

iV'-Methylnicotinamide,  inhibition  of  al- 
cohol   dehydi-ogenase,    due    to    conta- 
minating Ag+,  857 
Methyl  orange 

binding  to  seralbumin,   314-315 
effect  of  temperature  on,  753 

binding  to   various   proteins,   317 
Michaelis  constant  (K^) 

definition  of,  15,  17 

determination  of,   16 

effect  of  pressure  on,   843 
of  temperature  on,  748-749 

energy  contours  and,  21 

expression   for,    20 

table  of  values  of,   18 
Michaelis-Menten    kinetics,    validity    of, 

17-27 
Microscopic    constants,    applied    to    K,, 

95-96 
Miotine,  inhibition  of  cholinesterase,   71 
Mixed  inhibition, 

detection  of,  160 

equations  for,  58 

types  of  plots  obtained,  162 
Molar  refraction, 

definition  of,  218 

double  bond  conjugation  and,  219 
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of  atoms,  219 

of  bonds,  220 

of  ions,  221 

of  molecular  groups,  222 

of  protein  sites,  277 
Molecular  group  refractions,  222 
Molecular  structure,   alterations   of, 

classification  of,  305 

effect  on  inhibitions,  306-307 
on  properties,  304-312 

examples  of,  308-311 

on  type  of  inhibition,  310-311 

optical  isomers,  309-310 
Monoamine  oxidase,  inhibition  by  ipro- 

niazid, 

entropy  of  activation  of,  561 

protection  by  tyramine,  558 

rate  of,  545,  548 

synthesis  of  new  enzyme  following,  645 
Monolinear  chains, 

irreversible, 

buffer  capacity  of,  331-332 

concentrations   of  intermediates,   323- 

324,  327-331,  333-335 

diffusion-limited,  335-337 

effect  of  temperature  on,  769-770 
of  two  inhibitors  on,  498-500 
inhibition  of,  327-335 
of  several  steps,   337 
over-all   rate   factors,   323-327 
reaction  of  inhibitor  with  interme- 
diates, 334-335 

reversible, 

concentrations  of  intermediates,  338- 

340 

noncompetitive    inhibition    of,    338- 

340 

Multienzyme  systems, 

branched  linear  chains,  340-345 

classification  of,  321-322 

compartmentalization  of,  377 

cyclic  systems,  348-354 

definition  of,  319 

determination  of  K,  and  K,  in,   382- 

383 

distributive  systems,  346-348 

effect  of  pH  on  inhibition  of,  711-713 


of  steady-state  rate  on  inhibition  of, 

859 

of  temperature  on,  768-773 
limiting  rate  concept,   380-382 
monolinear  chains,   322-340 
multiple   inhibition    of,   500-501 
network  systems,  372 
polylinear  chains  (shunts),  345-346 
product  inhibition  in,  147-148 
regenerative  systems,  354-368 
self-regulatory  (feedback)  systems,  368- 
372 

structural   disruption   of,   379 
terminology  of,  320-322 
transition  time  between  steady  states, 
383-391 

transit  time,   373-377 
use  of  inhibitors  in,  5 
Multiple  inhibition,  487-512 

antagonism,  summation,  and  synergism 

507-510 

expression  by  isobols,  495 

of  bioluminescence,  510-512 

of  cholinesterase,  493-495 

of  succinate  oxidase,    492-493 

specificity  of,  510 

two  inhibitors. 

on  cellular  metabolism  502-507 

on  monolinear  chain,  498-500 

on  one  enzyme,  488-498 

on  various  multienzyme    systems, 

500-501 
Multipoint  attachment, 

of  substrate  to  active  center,  28 
relation  to  catalysis,   197-198 
role  in  substrate  inhibition,  113 

Multipoles,  228-229 
Muscle,  respiration  of, 

stimulation  by  quinones,  452 
Mutual  depletion  systems,  66-78 

boundary  conditions  in,  69-71,  75 

cellular,    77-78 

competitive  inhibition  in,  72-75 

dilution  effects  in,   76-77 

effect  of  nonenzymic  binding  of  inhi- 
bitor, 854-857 

of  pH  on  inhibitions  in,  706-707 
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extraneous  substances,  role  in,  78 
noncompetitive  inhibition  in,  66-72 
of  inhibitor  and  reversor,  618-620 
rate  of  inhibition  in,  548-552 
steady-state  kinetics  in,  75 
types  of  plots  obtained,  184-188 
Myosin,  binding  of  K+  and  Na+,  262,  818 

N 

Naturally  occurring  inhibitors,  effect  of 

temjjerature  on,  778-779 
Neohydrin.  see  C'hlormerodrin 
Neostigmine,  inhibition  of  cholinesterase, 

effects  of  tetraalkylammonium  ions  on, 

495 
Network  systems,  372 
Nitella 

lethal   action  of  Cu++,   concentration- 
time  curves  for,  598 

penetration    of  cresyl   blue   into,    602 
Nitric  oxide,  optical  constants  of,  225 
Nitrogen, 

dispersion  electrons  of,  225 

energy  constants  of.  237 

energy  curve  for  interaction,  236 

interaction  energy  of,  237 

molar  refraction   of,   225 

optical  constants  of,  225 

polarizability  of,  225 
Nitro  group, 

bond  angle  of,  240 

dipolc  angle  of,  222 

dipole   moment   of,   222 

dispersion  energy  in  hapten-antibody 

reactions,  278 

molar  refraction  of,  222 
Nitrous  oxide,  optical  constants  of,  225 
Noncompetitive  inhibition, 

by  products,   143-144 

by  substrate,  114,  118-120 

definition  of,  54-55 

dilution  effect  on,  76 

discovery  of,  9 

effect   of  endogenous   metabolism   on, 

445-447 


of  ionic  strength  on,  821 

of  pH  on,  659,  671-673 

of  temperature  on,  749-751 
equations  for,  58 

in  diffusion-limited    systems,    475-477 
influence  of  substrate  inhibition  on,  134 
intracellular,   475-477 
more  than  one  inhibitor  combines  with 
enzyme,  90-96 

mutual  depletion  systems,  66-72 
of  cyclic  systems,  351-362 
of  divergent  chains,  343 
of  forward    and    backward    reactions, 
100-101 

of  monolinear  chains,  327-332  338-340 
of  regenerative  systems,  364-366 
of  self- regulatory  (feedback)   systems, 
370-372 

of  substrate-inhibited   enzymes,   types 
of  plots  obtained,   177,   179 
progressive    destruction     of    inhibitor 
during,    100 

progressive  inactivation  of  enzyme  dur- 
ing, 98-100 
rate  of,   541-548 

of  reversal  of,  610 
specificity  of,   866-870 
transition  time  between  steady  states, 
384-386 

two  inhibitor  molecules  bound  to  en- 
zyme, types  of  plots  obtained,  174,  489, 
496 

types  of  plots  obtained,  158 
with  respect  to  activator,  83, 

to  substrate,   54-55,   58 

Nonenzymic  binding  of  inhibitors,  615- 
624,  854-857 

effect   on   inhibitions,   615-620 
examples   of,   622-624 
reversal  of  inhibition  by,  620-622 

Nonenzymic    effects    of    inhibitors,     on 
cellular  function,  463-464 

Nonenzymic  material, 

binding  of  inhibitors  to,  effect  on  rates 

of  inhibition,  577 

in  mutual  depletion  systems,  78 
Nu  683,  inhibition  of  cholinesterase,  71-72 
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Open  systems,  definition  of,  320 
Optical  constants,  for  simple  molecules, 

225 
Optical  isomerism,  importance  in   group 

effects  on  inhibition,  309-310 
Optimal  temperature,  effect  of  inhibition 

on,  767-768 
Organophosphorus   compounds,    see  also 
Diisopropylfluorophosphate 

inhibition  of  cholinesterase, 

effect  of  temperature  on,  759-760 
induced  reactivation,  630-636 
spontaneous  reactivation,  627-630 

insecticidal  action,  473-474 

poisoning  by, 

kinetics  of  reversal,  646-648 
treatment  with  reactivators,  636 
Organ  weights,  table  of,  401 
Orientation  polarization, 

definition  of,  217 

of  permanent  dipole,  208 
Overshoot,  in  transition  between  steady 

states,  386-388 
Oxidation -reduction    reactions,    kinetics 

of,  47-48 
Oxidative   phosphorylation,   example   of 

regenerative  system,  366-368 

Oxophenarsine,  binding  to  erythrocytes, 
reversal  of,  644 

Oxygen, 

difi'usion  rate  into  erythrocytes.  573 
dispersion  electrons  of.  225 
molar  refraction  of,  225 
optical  constants  of,  225 
polarizability  of,   225 


Pacemakers  of  metabolism,  see  also  Lim- 
iting reactions 
definition  of,  459 
examples  of,  459 
in  ascites  tumor  cells,  461 
restriction  of  concept,  460 


Paludrine,  see  Chlorguanide 

Papain, 

active   center  of,   201 

degradation    by    leucine    aminopepti- 

dase,  195 

effect  of  dielectric   constant   on,   812- 

813 

inhibition     by     carbobenzoxy-L-gluta- 

mate,  effect  of  pH  on,  667-668 

nature  of  SH  group  at  active   center, 

196 

stimulation  by  arsenite,  452 

Paramecia,   lethal  action   of  arsenite, 
kinetics   of,   600 

Partially  competitive  inhibition, 
detection  of,  160 
types  of  plots  obtained,   159 

Partially  noncompetitive  inhibition,  ty- 
pes of  plots  obtained,  161 

Penetration    of   inhibitors    into    tissues, 
see  also  Permeability  to  inhibitors 
effect  of  functional  activity  on,  577,  588 
of  membrane  depolarization  on,  484 
on  rate  of  inhibition,  573-576 
malonate,   402-403 
rough  classification  of,  403 

Pepsin, 

entropy  changes   in   formation  of  ES 
complex,  266 
enzyme-substrate  complex,  19 

Permeability  to  inhibitors,  see  also  Pene- 
tration of  inhibitors  into  tissues 
effect  on  distribution,  402-403 
relation  to  ionization.   721-726 

Permeases,  concept  of.  439 

Peroxidase. 

diffusion-limited    steady-state    system 
of,  335-337 

enzyme-substrate  complex,   19 
heme  in  protein  crevice,  198 
nature  of  K^,  21 

pH, 

effect  on  enzyme  inhibition.  649-745 
on  inhibition  in  multienzyme  sys- 
tems, 711-713 
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on    inhibition   in    mutual   depletion 

systems,  706-707 

on  inhibition  of  papain,  667-668 

on  intracellular  inhibitions,  713-718 

on  rate  of  inhibition,  576-577,  704- 

706 

on  reactivation     rate     of     choline- 

sterase,  636 

on  substrate  inhibition  of  lactate  de- 
hydrogenase,  124-125 
functions,   formulation   of,   650-651 
intrecellular, 

bulk  values  of,  717-718 

effects  of  inhibitors,  on,  718-719 

heterogeneity  of,   719-721 
of  inhibitor  solutions,  707-710 
optima, 

definition  of,  655 

location    of.    660-661 
o-Phenanthroline, 

inhibition  ol  alcohol  dehych-ogenase,  84 

inactivation  of  enzyme  during,  567 
inhibition  of  pyruvate  oxidation,  527 

of  succinate  dehydrogenase, 
effect  of  temperature  on,  755 

of  tetrazolium    dye   reduction,    102 
rate  of  inhibition  reversal,  645 
stimulation  by  removal  of  inhibitory 
metal  ions,  453 
Phenols, 

inhibition  of  D-amino  acid  oxidase,  90 
phases  of  action  on  bacteria,  579 
Phenylacetate,    inhibition    of    a-chymo- 
trypsin, 

effect  of  ionic  strength  on.  836 
Phenylalanine, 

synthesis  in  E.  coli.  inhibition  by  ty- 
rosine, 498 

utilization   by    E.    coli,    inhibition    by 
/9-hydroxyphenylalanine,  498,  500 
)S-Phenylethylhydrazine,     inhibition      of 
brain  monoamine  oxidase,  reversal  of, 
645 

Phenylmercuric     compounds,      see     also 
53-Chloromercuribenzoate 
stimulation  of  ATPase,  452 
of  succinate  oxidase,  452 


Phlorizin,  on  renal  phosphorylations,  10 

Phosphatase, 

activation  by  Zn++,  46 
competition     between     various     sub- 
strates, 98 

function  in  divergent  chains,  344 
inhibition  by  glycine,  90 
localization    in    staphylococcal    mem- 
brane, 434 

in  yeast  membrane,  434 
pH  optimum  of,  655 

Phosphate, 

concentration  in  tissues,  430 
inhibition  of  enzymes,  839 
of  succinate  oxidase,  492-493 

Phosphoglucomutase, 

inhibition  by  anions,  834 
by  phosphate,  839 

6-Phosphogluconate  dehydrogenase,  acti- 
vation by  K+,  835 

Phosphoglyceraldehyde     dehydrogenase, 
complexes   with   DPX,    19 
inhibition  by  35-chloromercuribenzoate, 
reversal  by  cysteine  and  GSH,  622-624 

Phosphorylase,  function  as  an  ATPase, 
344-345 

PJiotohacterium    phosphoreum,    inhibition 
of  luminescence  in,  511 
effect   of  temperature   on,    787-790 

Physostigmine, 

displacement    from    cholinesterase    by 

substrate,  613-615 

inhibition  of  cholinesterase, 

effect  of  ionic  strength  on,  836 
reversal  by  destruction  of  inhibitor. 
640-641 

pi  scale,  application  to  inhibition  rever- 
sal, 619-620 

Plants, 

absorption  of  inhibitors  through  roots 

of,  406-407 

distribution   of  inhibitors   in,   405-410 

foliar   application    of   inhibitors,    407. 

409-410 

translocation  of  substances  in,  407-410 
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Plasma  membrane, 

inhibition  of  transport  in,  439-440 
localization  of  enzymes  in,  433-435 

Plasma,  proteins,  binding  of  inhibitors  to, 
404 

Plotting,   see  Graphical   analysis 

Polarizability, 

asymmetry  of,   219-220 

definition  of,  217 

of  atoms,  219 

of  bonds,  220 

of  molecular  groups,  222 

Polarization, 

atomic,  definition  of,  217 

electronic,  definition  of,  217 

induced,   definition   of,   217 

orientation, 

definition   of,   217 

of  permanent  dipole,  208 

role    in    induced    dipole    interactions, 

217-218 
Polyanions,  inhibition  of  trypsin, 

effect  of  ionic  strength  on,  836-837 
Polyglutamate,   inhibition  of  trypsin, 

effect  of  ionic  strength  on,   836-837 
Polylinear  chains  (shunts),  345-346 

effect  of  temperature  on,  772 

multiple   inhibition   of,   501 
Polynucleotide   phosphorylase,    effect   of 

ionic  strength  on,  831-832 
Potassium, 

concentration  in  tissues,  430 

intracellular  binding  of,  431 
Potential,  electrical, 

of  ions,  207 
Potential  energy,  of  two  ions,  207-208 
Potentiation,  see  Synergism 
Preincubation  procedures,  for  determin- 
ing site  of  inhibitor  action,  569-571 
Pressure,  effects  of,  841-854 

as  transitions  between   steady  states, 

389-390 

mechanisms  of,   841-842 

on  cellular  inhibitions,  849-854 

on  dissociation  constants,  842-843 


on  enzyme  inhibitions,  846-849 
on  enzyme  rates,  845-846 
on  rate  constants,  843-844 

Primary  hydration, 

definition  of,  250 

of  common  ions,  251 
Primary  salt  effect,  definition  of,  824 

Product  inhibition,   140-148 

by  formation  of  inactive  enzyme  com- 
plex, 143-144 

by  reversal  of  enzyme  reaction,  140-143 
examples   of,    144-147 
in   multienzyme  systems,    147-148 
of  arylamine  transacetylase,   145 
of  cholinesterase,   146 
of  glutathione  synthetase,   145 
of  glycine  transacylase,  145 
of  hexokinases,    144,   148 
of  pyridoxal  phosphokinase,    145 
of  urease,   145-146 
types  of  plots  obtained,  180 

Proflavine,   bacterial  adaptation  to, 

as  transition  between  steady  states,  389 
Prolidase,  active  center  of,  200 
Prosthetic  group,  definition  of,  50 
Proteinase  (',  effect  of  ionic  strength  on, 
829 

Proteins, 

charge  on.   effect   of  binding  to   ions, 
315-316 

hydration   of,   258 
interactions  with  small  molecules, 
competition   for  binding  sites,   313- 
314 
effect  of  temperature  on,  316 

of  total  protein  charge  on,  315-316 
multiple  binding  sites,  314-315 
specificity  of,  316-317 
Proton  association,  rates  of,  656 
Pseudo-irreversible  inhibition,  78-82,  855 
Pseudo-steady   state   systems,    321 
Pseudo-substrate   inhibition,  illustration 

of.   113-114 
Pyridine-2-aldoxime  methiodide  (2-PAM), 
reactivation  of  cholinesterase,  631-633 
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Pyridoxal   phospliokinase,   product   inhi- 
bition,  145 

Pyrophosphatase,    substrate    inhibition, 
111,  132 

Pyrophosphate,    inhibition    of  succinate 
oxidase, 

effect   on  temperature   characteristics, 
798 

Pyruvate  decarboxylase, 

inhibition   by  phosphate,   839 

by   SH-agents,    protection    by   sub- 
strate, 558 
product  inhibition,  180 

Pyruvate  incorporation  into  cycle,  stim- 
ulation by  malonate,  452 

PjTuvate  oxidase,  inhibition  by  p-chlo- 
romercuribenzoate, 

failure  of  cysteine  and  dimercaprol  to 
reverse,  622 

Pyruvate  pathways  of  metabolism,  483- 
484 


^umacrme, 
concentration   in   tissues,   395 
intracellular   distribution   of,   413 

Quinine,  inhibition  of  cholinesterase, 
temperature  characteristics  of,  795-796 

^uinones, 

stimulation  of  Arbacia  egg  respiration. 

452 

of  deoxyribonuclease,  452 

of  erythrocj-te  respiration,  452 

of  liver  respiration.  452 

of  spermatozoal   respiration,   452 


R 

Rate   constants, 

effect   of  dielectric    constant   on,   808 
of  ionic  strength  on,  823-826 
of  pressure  on,  842-843 
of  temperature  on,  757 

Rate    equations,    general    procedure    for 
derivation,  32-33 


Rate  of  inhibition,  535-603 
competitive,   552-558 
concentration-time   curves,   595-603 
effect  of  dielectric  constant  on,  807-809 

of  pH  on,   704-706 

of  population  variation  on,  590-595 

of  secondary   inactivation   on,    561- 

569 

of  temperature  on,  558-561,  756-760 
expressions  for,  536-541 
in  mitochondria  and   cells,  571-590 
in  mutual  depletion  systems,  548-552 
of  cholinesterase, 

by  E-600,    590-591 

by  HgCU,  545-546 

by  physostigmine,  557-558 
of  glycolysis, 

by  HgCla,  580-581 

by  iodoacetate,  582-588 
of  lactate  dehydrogenase  by  p-chloro- 
mercuribenzoate,  546 
of  monoamine  oxidase  by  iproniazid, 
545-546 

of  pure  enzymes,  541-548 
of  respiration    by    heavy    metal    ions, 
581-582,  588-590 
Ratio  of  Kj/K,, 

determination  of,  182-183 
interpretation  of,   104-105 

Reactivation,  see  also  Reversal  of  inhi- 
bition 

effect  on  kinetics  of  cholinesterase  in- 
hibition. 569 

Refraction. 

anisotropy,  due  to  asymmetric  polar- 
izability,  219 

dependence  on  polarizability,  218 
double  bond  conjugation  and.   219 
molar,  see  Molar  refraction 

Regenerative  systems,  354-368 
buffer  capacity  of,  361 
concentration  of  regenerant  357 
effect  of  reactant  concentration,  358- 
359 

of  regenerant  concentration,  358-359 
examples  of,  355-356 
inhibition  of,  360-361 
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oxidation-reduction  reactions,  363-365 
phosphate  transfer,  365-368 
steady-state  conditions  of,  359-360 

Relative  concentrations,  see  vSpecific  con- 
centrations 

Relative  interaction  energies,  determina- 
tion of,  268-270 

Repeated    administration    of   inhibitors, 
421-425 

Repulsion, 

correction  factors  for,  231-232 
interactions  in,  229-231 
orientation  factors  in,  241-242 

Resistant     metabolism,     see     Inhibitor- 
resistant  metabolism 

Respiration, 

hypoxic   depression  of,   effect  of  tem- 
perature on,  782 

inhibition  by  cyanide,   effect  of  tem- 
perature on,  782-784 

by  heavy  metal  ions,  rate  of,  581- 

582,  588-590 

by  urethane,   effect  of  temperature 

on,  790 
inhibition  of, 

effect  of  pH  on,  722-724,  730-731 
of   temperature    on,    777-778 

localization   of  site   of.   529-531 
stimulation    by   2,4-dinitropheno].    ef- 
fect of  temperature  on.  784-785 

by  various  inhibitors,  452 

Retardation,  factor  in  dispersion  forces, 
226-227 

Reversal  of  inhibition,  605-648 

by  destruction  of  inhibitor,  637-642 
by  substance    binding    the    inhibitor, 
615-622 

competitive  displacement  of  inhibitor 
by  substrate,  612-615 
dissociation  of  EI  complex,  607-612 
examples  of,  622-624 
in  cells  and  whole  animals,  642-648 
induced  reactivation  of  inhibited   en- 
zymes, 630-636 
information  from,  624-626 


spontaneous  reversal  of  inhibited  en- 
zymes, 626-630 
techniques  for  demonstration,  606-607 

Reversible  enzyme  reactions,  kinetics  of, 
24-25 

Ribonuclease, 

effect   of  ionic   strength    on,    830-831 
enzyme-substrate  comijlex,    19 
inactivation  by  pepsin,  195 
substrate  inhibition.  Ill,  122 

Route  of  administration,  effect  on  inhi- 
bitor distribution,  398-399,  406-407 


Salicylate, 

inhibition  of  D-amino  acid  oxidase,  90 
of  cholinesterase,  effect  of  tempera- 
ture  on,    758-759 
of  cleavage,  effect  of  pH  on,   721 

Salt  effects,  see  also  Ionic  strength 

specific  ion  effects  on  enzymes,  834-835 
Salting-out  effect,  definition  of,  821 

Sarcosine  oxidase, 
active   center  of,  201 
binding  energies  of  inhibitors,  295-297 
Secondary  effects  of  inhibitors,   457-458 
Secondary  hydration,  definition  of,   250 
Secondary   inactivation,  of  enzyme  dur- 
ing inhibition.  561-569 
Secondary  salt  effect,  definition  of,  824 
Selenite,  inhibition  of  succinate  oxidase, 
effect  on  temperature   characteristics, 
798 

Self-regulatory  (feedback)  systems,  368- 
372 

effect   of  substrate   concentration   on, 
369-370 

examples    of,    368-369 
inhibition  of,  370-372 

Sequential  inhibition, 

of  cycle  by  malonate  and  fluoroacetate, 
498,  502-503 

of  phenylalanine  metabolism  in  E.  coli, 
498,  500 
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Seralbumin,   binding   oi', 

Ca++,   266,   314,    818 

Cr,  313 

Cu++,  266,  314 

dodecyl  sulfate,   314 

ions,   effect   of  temperature   on,   753 

methyl  orange,  314-315 

Mg++,  314 

optically  isomeric  dyes,  317 

phenylbutyrate,  314 

surfactants,  300 

testosterone,  314,  317 

Zn++,  314-315 
Serotonin,  levels  in  brain  following  mo- 

ndamine   oxidase  i-nhibition,   645 
Shunts,  see  Polylinear  chains 
Silver,  inhibition  of  respiration, 

rate  of,  581-582 
Simon-Beevers  curves,  728-734 
Sodium, 

concentration  in  tissues,  430 

intracellular  binding  of,  431 
Solvent,    participation   in   enzyme   reac- 
tions, 43-45 
Spatial  factor,   in  inhibitor  distribution, 

398 
Specific     concentrations,     definition     of, 

65-66 
Specificity  of  inhibition, 

change  with  time  of,  535 

definition  of,  510 

examples  of,  877-878 

in  cellular  systems,  871-873 

in  competitive  systems,  871 

in  systems  of  three  or  more  enzymes. 

869-871 

maximal  for  two  enzymes.  866-869 

multiple  inhibition,  510 

with  two  or  more  inhibitors,  873-877 
Spermatozoa,  respiration  of, 

stimulation  by  arsenite,  452 
by  quinones,  452 
Spontaneous    reversal    of   inhibited    en- 
zymes, 626-630 
Steady  state, 

definition  of,  320 


in  yeast  metabolism,  effect  of  cyanide 
and  dinitrophenol  on,  389 
kinetics,  20 

derivation  of  rate  equations,  32-33 
mutual  depletion  systems,  75 

relation   to  type  of  inhibition,   61 
of  convergent  chains,  341 
of  divergent  chains,  341-342 
of  monolinear  chains,  323-330 
transitions    between,    383-391 

Steroids, 

binding  to  proteins,  317 

complexes    with    adenine    nucleotides, 

298-299 
Stimulation  of  metabolism,  by  inhibitors, 

451-456 

examples,  of,  452 

possible   mechanisms   of,    453-456 

Streptobacterium   casei,  glycolysis  in, 
rate  of  inhibition  by  iodoacetate,  584- 
585 

Structural    alteration,    of    multienzyme 
systems,  379-380 

Substrate, 

concentration  of, 

effect  on  enzyme  rates,   14,   35-36 

on  inhibitions,  61-64 
reduction  by  enzyme  binding,  22-23 
intracellular  concentrations  of,  482 
protection  against  inhibition,  558 
reaction  of  inhibitor  with,  85-88 

Substrate  constant  (Kg), 
definition  of,  17 
variation  with  pH,  661-666 

Substrate  inhibition,   111-139 
by  an  ionic  strength  effect,   133 
by  attachment  outside   active   center, 
118-130 

by  combination    with   activator,    130- 
131 

by  competition     with     substrate-acti- 
vator complex,  132 
by  interference  with  acceptor  binding, 
132-133 

by  partial    attachment    to    substrate 
sites,   114-117 
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by  reduction  of  water  concentration, 
133 

effect  of  ionic  strength  on.   838 
on   other  inhibitions,    134-139 
maximal  rate  in,  117,  135 
of  acetylcholinesterase.   111,  121,   122, 
125-128,  138-139 

of  L-amino  acid  oxidase.  111,  133 
of  aminoacylase  I,  112,  130 
of  carboxypeptidase.    111,    120 
of  diamine  oxidase.   111 
of  diphosphoglyceromutase,  112 
of  enolase.    111,    131 
of  esterases,   123,   135 
of /3-fructofuranosidase,  111,  133 
of  fumarase.   111 

of  p-hydroxyphenylpyruvate    oxidase, 
112,  114 

of  /3-hydroxysteroid    dehydrogenase, 
111,    121-122,    128-130 
of  lactate  dehydrogenase.  111,  121-122, 
124-125 
of  lipase,   111 

of  pyrophosphatase.   111,   132 
of  ribonuclease.   111,   122 
of  sucrose  transglucosylase,   112 
of  urease.   111 

of  xanthine  oxidase.  111,  120-121,  124. 
132-133,   137-138 

possible   mechanisms   of,    112-114 
types  of  plots  obtained,  174,  177 

Succinate, 

inhibition   of  fumarase, 
effect  of  pH  on,  691-692 
of  temperature  on,  754 
nature  of  binding  to  succinate  dehy- 
drogenase, 29 

Succinate   dehydrogenase,   see  also  Suc- 
cinate oxidase 
binding  of  succinate  to,  29 
distortion  of  during  malonate  inhibi- 
tion, 263 

inhibition  by  arsenite,   effect  of  tem- 
perature on,  749 
by  malonate,  104 

determination  of  K^/K;,    183 
effect  of  temperature  on,  754 


by  mercurials  in  kidney,  405 
by  o-phenanthroline,  effect  of  tem- 
perature on,  755 
by  salts,  835 
localization    in    staphylococcal    mem- 
brane, 434 
nature  of  K^,  21 
Succinate    oxidase,    see    also    Succinate 
dehydrogenase 

effects    of  inhibitors    on    temperature 
characteristics,  798 

inhibition   by  arsenical,   rate  of,   547, 
549 

by  p-chloromercuribenzoate,  rate  of, 
547,  549 

by  fluoride  and  phosphate,  492-493 
by  HgClj,  reversal  by  dimercaprol, 
622 

by    o-iodosobenzoate,    rate    of   547, 
549-550 

by  oxidized  glutathione,  625-626 
rate  of,  547-549 
site   of  inhibition   based   on   reconsti- 
tution  of  system,  523 
stimulation    by   phenylmercuric    com- 
pounds, 452 

Sucrose    transglucosylase,    substrate    in- 
hibition, 112 

Sulfanilamide,   inhibition  of  biolumines- 
cence,  510-512 

effect  of  pressure  on,  851-852 
of  temperature  on,  787-788 

Sulfhydryl  group, 
bond  angle  of,  240 
configuration  of,  235 
dipole  angle  of,  222 
dipole  moment  of,  222 
molar  refraction   of,   222 
van  der  Waals  radius  of,  234 

Sulfide,   entrance   into    Valonia   cells, 
effect  of  pH  on,  721-722 

Sulfisoxazole,  variation  of  body  content 
with  time.  419-421 

Sulfite,  inhibition  of  urease, 

effect  on  temperature   characteristics, 
797 
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Summation, 

definition  of,   507-508 

isobolograms  for,  508-509 

of  inhibitions   on    convergent   chains, 

501 
Synergism, 

between  fluoride  and  phosphate  on  suc- 
cinate   oxidase,    492-493 

definition  of,  507-508 

inhibition    of   phenylalanine    metabo- 

Hsm  in  E.  coli,  498,  500 

isobolograms  for,  508-509 
Synthesis  of  enzymes,  inhibition  of,  440 


Tartrate,  inhibition  of  fumarase, 

effect  of  pH  on,  691-692 
Temperature, 

effect  on  binding   of  small   molecules 

to  proteins,  316 

on  cellular  inhibitions,  773-780,  782- 
792 

on  dissociation  constants,  748-749 
on  enzyme  inhibition,   750-756 
on  inhibition  of  cell  function,   779- 
780 

on  multienzyme  systems,  768-773 
on  rate  of  inhibition,  558-561,  756- 
760 

on  respiratory  inhibition,  777-778 
on  response  to  anoxia,   780-782 
on  sulfanilamide   inhibition   of  bio- 
luminescence,  511-512 
on   urethane   inhibition   of    biolum- 
inescence,  511-512 

equilibria  between  active  and  inactive 

forms  of  enzyme,   760-767 

optimal  for  enzyme  reactions,  767-768 
Temperature   characteristics,    792-798 

definition  of,  792 

determination  of,  793 

for  inhibition  of  ATPase  by  dinitro- 

phenol,  797 

for  inhibition  of  cholinesterase  by  qui- 
nine, 795-796 

for  inhibitions  of  succinate  oxidase,  798 


interpretation  of,   793-794 
of  urease,  797 

Temporal  factor,  in  inhibitor  distri- 
bution, 398-399 

Testosterone,  binding  to  seralbumin,  314, 
317 

Tetraalkylammonium  ions,  inhibition  of 
cholinesterase, 
effects  of  neostigmine  on,  495 

Tetraethylpyrophosphate     (TEPP),     in- 
hibition of  cholinesterase, 
reactivation  by  aldoximes,  630-633 

Thermal  cavity  size,  relation  to  ionic  size. 
241 

Thiocyanate, 

binding  to  seralbumin,  effect  of  tem- 
perature on,  753 

inhibition  of  fumarase,  effect  of  tem- 
perature on,  754 

Tissue  slices, 

binding  of  inhibitor  to  nonenzymic  ma- 
terial,  479-480 
functional  state  of,  480-481 
inhibitions  in.  479-481 
penetration  of  inhibitors  into,  479 
variation  between   cells  in,  481 

effect  on  rate  of  inhibition,  594-595 

Titration  inhibitors,  see  Mutual  deple- 
tion systems.  Pseudo-irreversible  inhi- 
bition 

Tobacco  leaves,  photosynthesis  in, 
inhibition  by  iodoacetamide,  520 

Transacetylases,  in  distributive  systems, 
347 

Transacetylation,  energy  contours  for,  29 

Transaminase, 

distribution   in   nervous   system,   482- 

483 

in  distributive  systems,  347 

Transfer  reactions,  kinetics  of,  39-43, 
47-48 

Transition, 

between  steady  states,  383-391 
examples  of,   389-390 
false  start,  387-388 
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fluctuation,  386-388 

in   metabolic   systems,   390-391 

in  monolinear  chains,  384-386 

overshoot,    386-388 

time  required,  see  Transition  time 
time,  383-386 

importance     in     enzyme     reactions, 

383-384 

variation  with  inhibition,  385 
variation    with    substrate    concentra- 
tion, 386 

Transit   time,   373-379 
definition  of,  373 

eiJect  of  compartmentalization  on,  377- 
379 

on  enzyme  rates,  373-375 

Translocases,    concept   of,   439 

Translocation,  of  inhibitors  in  plants,  407- 
410 

Transmethylases,  in  distributive  systems, 
347 

Transmitters,  see  Agonists 

Transphosphorylase,  inhibition  by  Na+. 
838-839 

Transphosphorylation,    energy    contours 
for,  29 

Transport    systems,    inhibition    of,    439- 
440 

Trichomonas,  respiration  of, 
stimulation  by  arsenite,  452 

Trimethylammonium   group, 

dispersion  energy  in  interaction  with 
cholinesterase,  245,  287 
in  hapten-antibody  reactions,  279,  281 
interaction  with  carboxylate  group,  279 
van  der  Waals  radius,  234 

Triose  phosphate  dehydrogenase,  see  Pho- 
sphoglyceraldehyde  dehydrogenase 

Trypanosoraes,  lethal  action  of  arsenicals, 
kinetics,  of,  598-599,  601 

Trypsin, 

area  of  active  center,  194 
binding  of  soybean  inhibitor,  thermo- 
dynamic  constants   for,   267 


effect  of  ionic  strength  on  inhibition  of, 

836-837 

entropy   change   in    formation   of   ES 

complex,  266 

formation  from  trypsinogen,  196 

nature  of  K„,,  21 

Tryi^tophanase,  intracellular  K^  com- 
pared with  that  of  extracted  enzyme, 
436 

Tyrosine. 

inhibition   of  phenylalanine   synthesis 

in  E.  coli,  498,  500 

ionization  microconstants  for,  703 


u 


Uncompetitive   inhibition,    see    Coupling 
inhibition 

Uncoupling, 

of  oxidative  phosphorylation,  523-527 
criticism    of    methods    for    demon- 
strating,  523-524 
definition  of,  523-526 
in   regenerative   systems,   367-368 

Uranium, 

inhibition  of  transport  systems  in  yeast, 

434 

nonenzymic  effects  on  yeast,  463 

Urease, 

effect  of  ionic  strength  on,  828 
entropy   change   in    formation   of  ES 
complex,    266 

evidence  for  a  water  site,  43 
inhibition  by  phosphate,  839,  841 

by  thiourea,    108 
kinetics  indicating  two  active  centers, 
38 

product  inhibition,  145-146 
substrate  inhibition,  43-44,   111 
temperature  characteristics  of,  797 

Urethane, 

effect  on  spectra  of  yeast  cytochromes, 

517 

inhibition  of  bioluminescence,  510-512 

effect   of  temperature   on,    787-788, 

790 


SUBJECT    INDEX 


949 


inhibition   of  cholinesterase,   effect  of 
temperature  on,  758-759 

of  cleavage,   effect    of   temperature 
on,  790-791 

of  fermentation,    effect    of   fermen- 
tative rate  on,  861-862 
of  ^-fructofuranosidase, 

effect   of  pressure   on.   846-849 
of  temperature    on.     755-756 
of  respiration, 

effect  of  respiratory  rate  on,  861- 
862 

of  temperature  on,  778,  790 
of  tumor  growth,  861 
Uricase,  stimulation  by  arsenite,  452 


dispersion  electrons  of,  225 

interaction  energy  contributions  of,  244 

liberation  in  interactions.  266-267,  298- 

299,  313 

molar  refraction  of.  225 

optical  constants  of,  225 

participation  in  enzyme  reactions,  43- 

45 

polarizability   of,   225 

structure   of.   255-258 
around  fatty  acids,  257 
cages    surrounding    nonpolar    mole- 
cules, 256 
effect  of  solute  on,  256-258 

of  temperature  on,  256 
formers  and  breakers,  256 

van   der   Waals  radii,   234 


Van  der  Waals  forces, 
definition  of,  233 
in  carboxypeptidase  inhibition,  292 

Van  der  Waals  radii, 

of  atoms,  233 

of  molecular  groups.  234-235 
Variability    in    cell    populations,    effect 

on  rates  of  inhibition,   590-595 
Vibrio  phosphorescens,   inhibition   of  ki- 

minescence  in,  511 

effect  of  temperature  on,   787-790 

w 

Water,   see  also  Hydration 
bond  angle  in,  240 
concentration    of,    reduction    by    high 
substrate  concentrations,   113,   133 
configuration  of,  235 
content  of  tissues,   401 
dielectric  constant  of,  245 
dipole  moment  of,  244 


X 


Xanthine  oxidase, 

inhibition  by  ^-cJiloromercuribenzoate, 
reversal  by  cysteine  and  GSH,  622 
substrate  inhibition.  111,  120-121, 
124,  132-133,   137-138 


Yeast,    respiration    of, 

stimulation  by  arsenite,  452 
by  azide,   452 
by  fluoride.  452 
by  iodoacetate,   452 


Zinc. 

binding  to  seralbumin.   314-315 

hydration  of.  251 

in  substrate  binding  of  phosphatase,  46 
Zones,  in  mutual  depletion  systems,  67, 

74 


